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Abstract 
In modern, low emission, gas turbine combustion systems the amount of air 
available for cooling of the flame tube liner is limited. This has led to the 
development of more complex cooling systems such as cooling tiles i.e. a double 
skin system, as opposed to the use of more conventional cooling slots i.e. a single 
skin system. An isothennal experimental facility has been constructed which can 
incorporate 10 times full size single and double skin (cooling tile) test specimens. 
The specimens can be tested with or without effusion cooling and measurements 
have been made to characterise the flow through each cooling system along with 
the velocity field and cooling effectiveness distributions that subsequently develop 
along the length of each test section. The velocity field of the coolant film has 
been defined using pneumatic probes, hot-wire anemometry and PIV 
instrumentation, whilst gas tracing technique is used to indicate (i) the adiabatic 
film cooling effectiveness and (ii) mixing of the coolant film with the mainstream 
flow. Tests have been undertaken both with a datum low turbulence mainstream 
flow passing over the test section, along with various configurations in which 
large magnitudes and scales of turbulence were present in the mainstream flow. 
These high turbulence test cases simulate some of the flow conditions found 
within a gas turbine combustor. Results are presented relating to a variety of 
operating conditions for both types of cooling system. 
The nominal operating condition for the double skin system was at a coolant to 
mainstream blowing ratio of approximately 1.0. At this condition, mixing of the 
mainstream and coolant film was relatively small with low mainstream 
turbulence. However, at high mainstream turbulence levels there was rapid 
penetration of the mainstream flow into the coolant film. This break up of the 
coolant film leads to a significant reduction in the cooling effectiveness. In 
addition to the time-averaged characteristics, the time dependent behaviour of the 
.:coolantfilm was. also investigated. In particular, unsteadiness associated with 
large scale structures in the mainstream flow was observed within the coolant film 
and adjacent to the tile surface. 
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Abstract 
Relative to a double skin system the single skin geometry requires a higher 
coolant flow rate that, along with other geometrical changes, results in typically 
higher coolant to mainstream velocity ratios. At low mainstream turbulence levels 
this difference in velocity between the coolant and mainstream promotes the 
generation of turbulence and mixing between the streams so leading to some 
reduction in cooling effectiveness. However, this higher momentum coolant fluid 
is more resistant to high mainstream turbulence levels and scales so that the 
coolant film break up is not as significant under these conditions as that observed 
for the double skin system. 
For all the configurations tested the use of effusion cooling helped restore the 
coolant film along the rear of the test section. For the same total coolant flow, the 
minimum value of cooling effectiveness observed along the test section was 
increased relative to the no effusion case. In addition the effectiveness of the 
effusion patch depends on the amount of coolant injected and the axial location of 
the patch. 
The overall experimental data suggested the importance of the initial cooling film 
conditions together with better understanding of the possible mechanisms that 
results in the rapid cooling film break-up, such as high turbulence mainstream 
flow and scales, and this will lead to a more effective cooling system design. This 
experimental data is also thought to be ideal for the validation of numerical 
predictions. 
Keywords: Film cooling, effusion patch, adiabatic film cooling effectiveness, 
double skin cooling system, gas turbine combustor liner, cooling film 
unsteadiness, length scale, mainstream turbulence intensity. 
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Chapter 1 Introduction 
1.1 Types of aircraft powerplant 
The search for more efficient methods of producing thrust for aircraft application 
has never ceased since the first flight back in 1903. This has led to significant 
changes in tenns of aircraft design, materials, and, most importantly, changes in 
powerplant configuration. Early aircraft used pi ston (i.e. intemal combustion) 
engines to power the aircraft. However, driven by the desire in World War II to 
produce aircraft approaching the speed of sound, the gas turbine engine was 
introduced. The gas turbine engine is considered a better choice in comparison to 
the piston engine mainly because of its superior thrust to weight ratio, whilst the 
continuous nature of its thennodynamic cycle also has mechanical benefits. Even 
after 60 years, the gas turbine engine is still widely used as the powerplant of 
choice for both civil and military aircraft. Today, the conunonly used variants of 
the gas turbine engine are the turbojet, turboprop and turbofan, the actual type of 
engine depending on the aircraft application. The turbojet was the first type to be 
developed. A turbojet engine consists of a gas generator and exhaust nozzle 
Figure (1.1-1), with the gas generator consisting of a compression system, a 
combustor and a turbine section. It is the purpose of the gas generator to provide 
gas at high temperature and pressure to the exhaust nozzle. In the case of a 
turboprop low pressure turbine through which the flow is expanded is added, and 
thi s turbine is used to dlive a propeller located upstream of the gas generator 
section Figure (1.1-2). 
Gas Gen erator Propelling nozzle 
Figure 1.1-1 Schematic of a Turbojet engine - (Rolls-Royce 1996 (modified)) 
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Turbine Module 
Figure 1.1-2 Schematic of a Turboprop engine - (Rolls-Royce 1996 (modified» 
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Figure 1.1-3 Schematic of a Turbofan engine - (Rolls-Royce 1996 (modified» 
Alternatively, instead of a propeller, a fan (or low-pressure compressor) may be 
used Figure (1.1-3) as in a turbofan engine. Unlike the other two engine 
configurations in a turbofan engine, only a portion of the total mass flow 
generated by the low-pressure compressor fan will enter the gas generator whil st 
2 
--- -----
Introduction 
the rest of the mass flow wil l be exhaust to the atmosphere via the bypass duct. 
The ratio of the massflow through the by pass duct to the massflow through the 
core engine is known as the Bypass Ratio (BPR). Besides obvious geometric 
differences, the most significant variation between these configurations is the way 
the gas at high pressure and temperature produced by the gas generator section is 
utilised to generate the thrust. The generated thrust can be expressed (for 
subcriti cal exhaust nozzle pressure ratios) as: 
Equation 1.1-1 
where rn is the massflow through the engine, U2 is the velocity of the exhaust gas 
generated by the engine and U, is the velocity of the aircraft. 
In the case of the turbojet engine, the exhaust gas is accelerated through the nozzle 
to generate the thrust. For a given thrust, and because of the nozzle, the velocity at 
the exit of the engine is high i.e. U2 is high; hence lower massflow is needed for a 
given thrust. In the turboprop engine, the exhaust gas is primarily used to drive the 
propeller. Hence, the propeller generates a larger massflow compared to that of 
the turbojet engine, but the velocity U2 that is imparted to thi s flow is then lower 
than the turbojet for the same thrust. The turbofan engine is essentia ll y a 
combination of the turbojet and turboprop. For the same given thrust, the fan 
(Iow-pressure compressor) wi ll generate a large massfl ow to which a relatively 
low velocity has been imparted at the exit of the engine, whi lst produces 
considerable thrust. 
The propulsive efficiency, which is the ratio of the amount of power of the aircraft 
to the power of the jet can be shown to be maximised when the velocity imparted 
to the flow (U2) matches that of the aircraft speed (Ua). Although there are many 
other parameters to take into consideration when selecting the powerplant for an 
aircraft, the speed of the aircraft is often the most important. Airliners such as the 
Boeing 747 or Airbus 340, use turbofan engines since this gives the best 
propulsive efficiency for the range of target airspeed as indicated in Figure (1. 1-
4). In addition, Figure (1. 1- 5) and Figure (1. 1-6) show the specific thrust and the 
specific fuel consumption of different engine configurations. 
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Figure 1.1-6 Specific fuel consumption characteri sti c of typical aircraft engines. -
(Mattingly 1996) 
The main point to be extracted from the above di scussion is that, for civil aircraft 
purposes the powerplant of choice today is the high bypass ratio turbofan, due to 
its high effi ciency, greater thrust and low fuel consumption. These are achieved in 
modem designs by careful optimisation of the vati ous components that make up 
the engine, and the following section di scusses the impact of prime aspect in the 
topic of thi s thesis, namely the combustion system. 
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1.2 The gas turbine engine combustion system 
Figure (1.2-1) shows a three-shaft high by-pass turbofan engine in which air is 
drawn from atmosphere into the powerplant via an intake and is then compressed 
through the low-pressure compressor (Fan). Depending on the bypass ratio (BPR), 
a portion of the air will bypass the gas generator and exit the powerplant via the 
bypass duct generating 'co ld thrust'. The remaining air passes into the gas 
generator where it is further compressed before entering the combustor chamber 
where fuel is burnt to rai se the gas temperature. This gas at high pressure and 
temperature is then expanded through turbines that extract energy to drive the 
compressors and fan. Any flow energy remaining is then utilised by accelerating 
the flow through a downstream nozzle before it is expelled to the atmosphere, as a 
result generating the ' hot thrust' . 
Combustion 
Compressors system Turbines and exhaust 
CoJd~stream thrust 
Hot-stream 
thrus t 
Cold-stream thrust 
Figure 1.2-1 Detail layout of a three shaft high-bypass engine. - (Rolls-Royce -
Private communication) 
As already suggested, the purpose of the combustion system is to convert the 
chemical energy of the fuel into thennal energy with, hopefully, a minimum 
pressure loss. This requires the flow field within the combustor to fulfil a number 
of objectives: 
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I) the ability to anchor the flame; hence a region of reverse flow is 
needed, 
2) a reduction in the velocity of the flow issuing from the compressor 
since pressure loss in the combustor is proportional to the square 
of the velocity, 
3) production of the desired high exit temperature achieved by 
control of the air-fuel ratio in varies zones of the combustor. 
Figure (1.2-2) shows a typical combustor layout as used in a modem large civil 
turbofan engine. This includes a diffuser and damp dump diffuser system to lower 
the velocity of the flow issuing from the compressor, and a combustor liner to 
accommodate the fue l injector, containing the flame and control the ex it 
temperature of the gas exiting the turbine. By confining the combustion process 
inside a liner the air-fuel ratio in the primary zone can be controlled wh il st 
additional flow can be introduced into the secondary region to lower the 
temperature of the exhaust gases so that it is acceptable to the turbine. 
Figure 1.2-2 Annular combustor chamber. - (D. Hollis 2004) 
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As reported in many textbooks and papers, such as Schulz (200 I) , the temperature 
at the combustor exit can be 2000K, which is about 700K above the melting point 
(-1300K) of the material from which the flame tube liner is constructed. This 
means it is abso lutely essential to cool the liner. To achieve this, one needs to 
provide a protective cooling film on the high temperature surface, i.e. acting as a 
barrier between the hot gas stream and the liner wall. This is realised by having 
cooling slots/rings which inject a film of coolant tangentially along the liner 
surface (further detailed discussion on this will be found in section 1.4). Cun·ently, 
most combustors use an annular geometry as shown in Figure (1.2-2) below, 
whereas some combustors in the early days of aviation used can-annular or tubo-
annular. One advantage of the annular geometry is the reduction of surface area 
needed to be cooled when compared to the alternative types of geometry. It is 
wOl1h noting that the liner is typically fonned by a number of axially an·anged 
bays such as shown in Figure (1 .2-2) which has 5 bays. At the start of each bay, a 
coolant film is typically introduced to keep the temperature along the bay to an 
acceptable level. In more modem combustors, the liner is made up of a double 
skinned construction also known as a cooling tile as shown in Figure (1.2-3). 
Figure 1.2-3 A modem combustor with advanced wa ll cooling. - (Private 
communication Roll s-Royce 2001) 
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1.3 Developments influencing combustion system design 
The chal lenges faced by the engine manufacturers are not onl y confined to 
improve engine effi ciency and higher thrust to meet the demand from aircraft 
manufacturers, new engines must also meet stringent requirements laid down by 
the International Civil Aviation Organisation (ICAO) on pollution and noise 
generated by the engine. All these vari ous factors influence the perfo rmance 
demands placed on the combustion system design within a modem gas turbine 
engme. 
As described by Harri son (1 996), the net cycle power output from an ideal cycle is 
defined as "the di fference between the total power developed and the power 
required by the compressor". Thi s net power is a function of both cycle pressure 
and temperature ratio and can be expressed in terms of specific wo rk output as: 
W [ I 1 ( (,_I) J 
c
p 
T, = t 1- r (y~ , ) - r ' -I Equation 1.3-1 
where W is the specifi c work output, 
t is the temperature ratio between the combustor ex it/turbine inlet 
T4 and the engine inlet, T, (i.e. T4(f,), 
r is the pressure ratio between the compressor exit, P3 and the 
engine inlet, P, (i .e. P3!P ,). 
Figure (1 .3 -1 ) shows the relationship between the pressure ratio and the specific 
work output at different temperature ratios. It can be seen that the specific work 
output increases with increas ing temperature ratio (TR) whil st the pressure ratio 
has onl y a minor influence. However, increasing the pressure ratio will also 
increase the ideal thennal effi ciency of the gas turbine cycle which is: 
lr.:'l 
1"\ ,h,",,,1 = I -(~) , Equation 1.3-2 
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From the above Equation (1.3-2), it can be seen that the thennal efficiency is 
dictated by the pressure ratio. Increasing the pressure ratio, r, will increase the 
thennal efficiency, and at the same time inc rease the absolute temperature inside 
the combustor. This will lead to an increase in the heat load on the hot 
components such as the combustor li ner, turbine nozzle guide vanes and bl ades . 
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As mentioned earlier the temperature at which the liner integrity is compromised 
is much lower than the temperature experienced in the combustion process, hence 
some fonn of liner cooling is needed. The coolant used is the compressed air from 
the compressor since thi s is the only ai r with sufficien t pressure to be introduced 
into the combustion system. This air is itself at around 800-900K, but is still 
substantiall y below maximum desired material temperatures. 
However increasing the pressure ra tio, the temperature of the coolant ai r will al so 
increase. Thus, the effectiveness of the coolant will be reduced due to its higher 
temperature. This can result in either a shorter combustor li fespan or the need for 
additi onal coolant flow. Both of these factors are detrimental to engine 
perfonnance and so a more efficient cooling system is needed. However, the 
demand for a more efficient cooling system is also influenced by the ever 
increasing demand to reduce pollutant emissions. 
Emissions from the engine include carbon dioxide (C02) , water vapour (H20), 
oxides of sulphur (SO, ), unburned hydrocarbons (UHC), smoke including 
particulates, oxides of nitrogen (NO, ), and carbon monoxide (CO). Both carbon 
dioxide and water vapour are natural products of using a hydrocarbon fuel and, 
although these do not have a direct impact on human health, they are both green 
house gases which cause global wanning. Both gases cannot be eliminated unless 
an alternati ve fuel is used, nevertheless the amount emitted can be reduced by (i) 
mak ing engines more efficient and (ii) reducing the drag of the aircraft Cumpsty 
(2003). Hence, to some extent thi s is outside the control of the combustion 
engineer. As for the fonnation of oxides of sulphur, thi s is dependent solely on the 
amount of sulphur used in the fuel after refining and the fuel supplier nOlmally 
keeps the level of sulphur to a minimum. Again there is very little the combustion 
engineer can do. As for the rest of the pollutants (unburned hydrocarbons (UHC), 
smoke including particulates, ox ides of nitrogen (NO,), and carbon monoxide 
(CO» , these are fundamentally dependent on the perfonnance of the combustion 
chamber. Unburned hydrocarbons and carbon monoxide tend to dominate 
emissions during low power, i.e. taxi-ing and idle, whereas oxides of nitrogen and 
smoke tend to dominate during high power i.e. landing and take-off cycle. 
Lefebvre (1983) gives a detailed explanation of the different parameters that will 
11 
Introduction 
influence each pollutant such as fuel properties, temperature, pressure etc, and the 
steps to be taken in order to minimise these. 
In 1993, ICAO accepted the regulations proposed by CAEP (Committee for 
Aviation Environmenta l Protection) and known as CAEP 2, which are applicable 
to all new aircraft from 1996, and state the maximum amount of emission 
pennitted . In 1998 CAEP4, which is more stringent than CAEP2, was issued and 
wi ll take effect from 2004. To some extent, both UHC and CO have to do with the 
defaulted method by which the fuel is injected and the amount of fuel used. 
Manufacturers have been studying ways to improve fuel injectors and ensure 
complete combustion for competiti veness reasons, which also addresses the 
pollution issue. 
However, NOx is the most difficult pollutant to reduce and mainly arises fi'om the 
fact that at high combustion temperatures the nitrogen in the air flow is no longer 
inert. Hence, the amount of NOx produced is related to the combustion 
temperature and hence the engine pressure ratio. For thi s reason the CAEP targets 
for allowable NO, emissions are a function of engine overall pressure ratio as 
shown in Figure (1.3-3) . As already mentioned the amount of NOx generated 
depends on the temperature of the combustion process and the residence time of 
the mixture in the combustor chamber. Whilst a high temperature and long 
residence time wi ll help to reduce UHC, CO and smoke, it will increase the 
fonnation ofNOx. Hence, the common practice to minimise the fonnation of NO, 
is to reduce the temperature at which combustion takes place and minimise the 
residence time. 
There are several strategies by which this could be achieved but in most cases thi s 
involves operating the engine lean to reduce the combustion temperature. In other 
words, more air is needed for the combustion process, so leaving less air for 
cooling. Hence, it has become critical to find new cooling techniques that can use 
less cooling air and sti ll be able to give the same protection. The next section 
reviews the variety of cooling techniques that have been proposed for combustion 
cooling. 
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1.4 Cooling techniques for the combustor liner 
For both civil and military engine applications, the coolant used to cool the liner 
(and the turbine) is the compressed air from the High Pressure (HP) compressor 
and the various methods of cooling include convection, transpiration and film 
cooling. 
1.4. I Convection cooling 
The simplest approach is convection cooling. In this approach, coolant will flow 
along the 'cold ' side of the liner wall as shown in Figure (1.4- 1). As the coolant 
travels downstream along the surface of the liner, it will gain heat via convecti ve 
heat transfer from the liner wall , thereby helping to reduce the liner wa ll 
temperatu re. Note that the coolant and the hot gases do not mix or come into 
contact at any point. To improve the efficiency, fins/pedestals can be placed along 
the surface to increase the surface area and hence increase the heat transfer 
capacity. As the wall has a maximum temperature, Tw (- 1300K), that can be 
tolera ted, the optimum cond itions are attained when the entire surface is kept at 
this temperature. 
Coolant 
...... 
LlnerWall~ 
Hot Gases 
Figure 1.4- I Liner cooled by convection cooling techniques 
One major drawback of thi s method is that thi s fonn of cooling technique is 
incapable of providing sufficient protection for modem combustors that operate at 
higher temperatures. Other drawbacks include having the upstream end of the 
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liner, where the coolant is sti ll relatively cool, over-cooled compared to the 
downstream parts of the liner, and this reduces its effectiveness. However, this can 
be overcome by three methods. Firstl y, by having more fins/pedestals at the 
downstream end of the liner. This will increase the surface area of the downstream 
bay, but with a penalty of additional weight. The second method is by increasing 
the cooling air velocity towards the downstream end of the surface, and thirdly, a 
combination of both these methods. 
1.4.2 Transpiration cooling 
A second technique is that of transpiration cooling, as shown in Figure (1.4-2). In 
this method, the liner is made up of a porous material and the pores in the wall 
consist of many small passages. These small passages actually increase the surface 
area so that additional heat transfer between the wall and cooling air can take 
place. Some cooling air also passes through the wall to fo ml a protecti ve film on 
the hot gas side of the wall. In general, transpiration is used to give protection to a 
specific or local region. The advantage of this technique is that the contact surface 
area between the cooling air and the wall is vety large. This allows the cooling air 
to be heated al most to the wall temperature. With proper adjustment of the local 
coolant fl ow through the porous wall, a constant wall temperature can be achieved 
over the entire surface. 
It should be noted that there are two cooling mechanisms invo lved in thi s cooling 
technique. Firstly, as the coolant passes through the pores of the material the large 
surface area generates heat transfer from the material to the coolant; secondly, 
having passed through the wall , the coolant then fonns a protective film on the hot 
gas side of the wall , hence mak ing thi s technique very attractive. However, the 
difficulty is to optimise the coolant velocity. In order to fonn a stable cool 
protective layer on the hot surface of the liner, the coolant must leave the pores at 
low velocity. On the other hand, for intem al convective heat transfer to be at a 
maximum, a high velocity is required though the material pores. rinally, finding a 
porous material that can be used in thi s application poses another challenge to 
material engineers. 
15 
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Coolant 
LinerWall Inn nnBEnD I 
.... 
Hot Gases 
Fig 1.4-2 Liner cooled by transpiration cooling techniques 
1.4.3 Laminated porous wall cooling 
As mentioned above, it is difficult to find a porous material to meet the stringent 
requirements; an alternati ve method of cooling using multi laminated sheets was 
therefore developed. One such composite sh'ucture developed by Roll s-Royce is 
known as Transply whi lst the General Motors Corporation developed the other 
known as Lami lloy. As Lefebvre (1996) explained, a Transply laminated wall as 
shown in Figure (1.4-3), is made up of brazing two or more layers of a high-
temperature alloy containing a multiplicity of holes all interconnecting flow 
passages, with the passages designed for maximum heat transfer between the 
material wall and the coolant. The coolant will then emerge into the combustion 
chamber via equally spaced holes to fonn an insulating blanket between the hot 
gas and the wall. 
The Lamilloy laminated wall consists of several diffusion-bonded, photoetched 
metal sheets as shown in Figures (1.4-4) and ( 1.4-5). Simi lar in principle to the 
Transply wall , instead of passages in the Transply case, pedestals are used in the 
Lamilloy design. This cooling system can be consider to be more flexible in tenns 
of optimization of heat transfer and flow resistance control because there are more 
variables parameters such as the pedestal height, diameter and spacing, hole size 
and spacing etc. 
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Cold side 
Laminate 
Midd le 
Laminate 
Hot side 
Laminate 
Figure 1.4-3 Laminated porous wa ll - Transply (Lefebvre 1996) 
Figure 1.4-4 Lamilloy laminiated wall (Lefebvre 1996) 
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Laminate No. 3 
laminate No. 2 
Laminate No. 1 
Figure 1.4-5 Constructional features of Lamilloy (Wadia 1988) 
1.4.4 Composite matrix cooling 
Wadia (1988) has illustrated the two different types of composite matrix cooling 
methods available. The first method is based on the convection-cooling concept 
Figure (1.4-6a) and the second method is based on the transpiration-cooling 
concept Figure (1.4-6b). [n both methods, the composite is made up of three layers 
of material namely, (i) a ceramic coating, (ii) a compliant porous layer and (iii) a 
metal sheet. The purpose of the compliant layer is to act as a strain-relieving 
medium between the ceramic and the metal support structure. 
In both methods, heat will be transferred from the hot gases to the ceramic 
coating. The heat will then be transferred by conduction from the ceramic coating 
to the metal sheet via the compliant layer. Wadia explained that for the 
convection-cooled concept to be successfully implemented, both the thickness of 
the ceramic and the compliant layer thickness are critical. From the heat transfer 
viewpoint, it would be favourab le to keep the pad thickness to a minimum and the 
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coating thickness to a maximum. However, by increasing the thickness of the 
ceramic coating, the then11al gradient within the layer increases. Cracks will 
appear sooner than expected because of cyclic variations, hence reducing the life 
span of the composite. In the case of the transpiration-cooling concept, this is 
restricted to conditions such that the temperature of the ceramic-compl iant layer 
must not exceed - 950°C. When the temperature rises above - 950°C, oxidation of 
the compliant layer will occur, especially those portions adjacent to the ceramic. 
Coolant 
Compliant layer - Porous Metal 
Ceramic 
Hot gases 
a) Convection cooling concept 
Coolant 
I ~ • Metal spar ~:::::~ __ ~~ ___ ~ ___ ~ .----:.::::----'" Brunsbond pad 
CeramIc bricks 
b) Transpiration-cooling concept 
Figure 1.4.-6 Typical geometric arrangement of composite matrix. (Wadi a 1988) 
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1.4.5 Film cooling 
The most commonly used method of cooling the liner is known as film cooling. In 
thi s method, coolant is injected tangential to the surface of the liner through some 
fonn of opening (i .e. holes or slots) Figure ( 1.4-7). Thi s will create a cooling fil m 
on the surface of the liner. The main purpose of the cooling film is to act as a 
barri er between the hot gases and the surface of the liner. Hence the primaJY 
intent ion of fil m cooling is to protect the wall at the location where the coolant is 
added and the region immediately downstream of thi s injection location. Due to 
mixi ng between the two streams i.e. the coolant film and the hot gases, the 
effectiveness of the cooling fi lm decreases with downstream location. It is wotth 
remembering that there will also be some heat transfer from the wall into the 
coolant fi lm (when Tw >Tcoolmll)' This cooling mechanism is in addition to 
' protecting' the surface. Eventuall y when the coolant film breaks down (i.e. Tcool"n, 
>Tw), the heat transfer will go the other way. However, the cooling film can be 
renewed with additional openings placed downstream to ' renew' the film . One 
shortcoming of thi s method is the absence ofa unifonn wa ll temperature. The wa ll 
wi ll have temperature variations with the coolest regions nearest to the openings. 
Therefore, the effectiveness of this method depends on the number of openings 
avai lable and the distance between each opening. In addition, thi s tec\mique 
requires a relatively large amount of cooling air, which contradicts the 
requirements fo r low emission modern engines. 
Coolant 
Liner Wall 
Hot Gases 
Figure 1.4-7 Liner cooled by film cooling 
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There are many different types of opening available for fi lm creation; each di ffers 
in the method of forming the cooling film but the primary purpose is the same, to 
provide film cooling. Following are some examples, (Roli s-Royce - Jet engine 
(i 996)), of the di fferent types of slots avai lable, Machined Rings, Splash Cooling 
Rings, Corrugated Strip/wiggle strip and effusion holes, shown in Figure ( 1.4-8) 
and Figure (1.4-9) respectively. 
Static-pressure 
air feed 
.~ 
~ 
Flame tube 
., ,J .... ~ 
, ~ ." 
~~~Film of 
cooling air 
Con'ugated strip Flame tube 
Film of 
cooling air 
(a) Splash Cooling sHi p (b) Corrugated strip cooling 
Flame tube 
Film of 
cooling ai r 
(c) Mach ined cooling ring 
Figure 1.4-8 Various type of film cooling techniques.- (Rolls-Royce - 1996) 
Figure 1.4-9 Film cooling using effusion holes 
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Splash Cooling Rings use a static-pressure air feed across the liner wall to drive 
the coolant into the combustor and hence fonn the cooling film as shown in Figure 
(1.4-8a). A "skirt", usually of the order of 0 .1 5 to 0.30 cm ( - 4 times the slot exit 
height) is used as an internal deflector to direct the coolant to flow along the wall. 
On the other hand, the Corrugated Strip or Wiggle strip design shown in Figure 
(1.4-8b), uses the total pressure air feed to drive the coolant into the fl ame tube 
and hence provide the cooling fi lm. The Machined rings are designed such that the 
cooling fi lm can be fornled using a total head feed, static pressure feed or a 
combination of both as shown in Figure (1.4-8c). Lastly, in Effusion Cooling 
Figure ( 1.4-9), a layer of cooling film is fonned through many rows of small holes 
drilled into the liner. These holes must be large enough to remain dill-free, yet 
small enough to prevent excessive cooling air rrom penetrating into the different 
zones, hence loweling the combustion temperature. The primary intention is again 
to protect both the injection region and the region just downstream of the 
injection. The cooling perfOll11anCe of these effusion holes depends on many 
factors such as the number of holes, the angle of the holes, the spacing between 
the holes etc. An advantage of effusion cooling is its geometri c simplicity which 
eases the manufacturing process. In terms of cost, it is relatively cheap. The most 
important advantage is the reduction in weight. 
1.4.6 Advanced cooHng techniques 
Advanced techniques are defined as those consisting of two or more of the 
different cooling techniques mentioned above. For example, at the upstream end 
of a bay a machined ling may be used to fonn the cooling film. This cooling film 
wi ll eventuall y decay as it travels downstream, which will cause the bay at its 
downstream end to overheat. To overcome this, two or more rows of effusion 
holes are placed mid way along the bay. This will help restore the film along the 
rear end of the bay, hence ensuring that there is sati sfactory cooling film along the 
entire bay length. Sunden et al (200 I) described some advanced methods of film 
cooling with a double skinned wall as shown in Figure (1.4-10). Figure (1.4-IOa) 
and (b) show impingement jet coolant supply to the double-skinned liner in 
parallel flow and counter flow configurations. Another method is the arrangement 
shown in Figure (1.4-1 Dc). The difference between the impingement jet (parallel) 
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and (counter fl ow) is that the fl ow in the fomler impinges on to the second skin 
and then fl ows downstream to fo ml the cooling film . On the other hand, in the 
counter flow system the flow has to make a 180 degree tum on ex iting the slot to 
fonn the cooling filJ11. In other words, the counter flow case will have to flow past 
a larger surface area compared to the parall el flow system. 
, • I I ! I • i 
.. 
• b :YI,- • ,izG""l 
.. 
(a) Impingement Jet (Parallel fl ow) (b) Impingement Jet (Counter fl ow) 
• 
(c) Double wall 
Figure 1.4-10 Various type of advanced filJ11 cooling. - (Sunden et al 200 I) 
• 
Figure 1.4-11 Schematic of til e cooling technique -(Rolls Royce 2001 ) 
The double skin til e cooling shown in Figure (1.4-11) is currentl y used in some 
modem civil aircraft engines Roll s-Royce (200 I). It consists of a I SI and a 2nd skin 
with the fa nner on the coolant side and the latter adj acent to the hot gas. Between 
the two skins are arrays of pedestals. [n thi s cooling scheme, there are again two 
cooling mechanisms involved. The first is convection and the second is film 
cooling, the former is helped by the pedestals which increase heat transfer through 
an increase in surface area. It is estimated that thi s system could signifi cantl y 
reduce the amount of coolant required compared to the conventional film cooling 
system Spooner (200 I). 
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1.407 Closure on cooling techniques fo.o the combusto.oliner 
When comparing the performance of the va ri ous cooling techniques, many factors 
need to be considered, such as the manufacturing process, maintenance etc. 
Neveltheless, two criti ca l factors are (i) the amount of coolant air needed for a 
given cooling load and (ii) the production cost. Wadia (1 988) has provided a 
comparati ve summary of the cooling air requirements and the production cost 
requirements of several combustor liner cooling schemes. The data presented in 
Figure ( I .4- 12) are relati ve to simple film cooling. Although not all the techniques 
are avai lable for comparison, it can be seen that the technique that needed the 
most cooling air is the simple film coo ling technique whilst the lowest air 
requirement is composite matri x cooling, which only needs about 30% of the 
coolant needed by film cooling. The composite matri x technique is therefore seen 
to be promising however in tenTIS of cost it is twice as much as film cooling. In 
addition, the composite matrix material is still largely in the experimental stage. It 
is wOIth mentioning that the technique referred to as film convection used by 
Wadia is impingement jet (Parallel flow). However, effusion cooling is also seen 
to be an attracti ve technique, with lower relati ve cooling air than film cooling by 
at least 40% and a cost of production 20% cheaper. This suggests that a 
combination of film cooling with effusion is wOl1h stud ying in detail to maximise 
its fu ll potential. The present thesis is aimed therefore at a study of these two 
techniques and previous work on these techniques is summarised in the following 
section. 
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Introdu ction 
CONVECTION~ __________ ~ 
EFFUSION 
LAMILLOY 
COMPOSITE 
MATRIX 
o 0.5 1,.0 
RELA TIVE COOLING AIR REQUIREMENT 
(a) Relative cooling air requirement to combustor liner coo li ng scheme 
FILM 
FILM 
CONVECTION I-----....J 
EFFUSION 
LAMILlOY 
COMPOSITE 
MATRIX 
o 1.0 2.0 
RELATIVE PRODUCTION COSTS (LIMITED QUANTITY) 
(b) Production costs to combustor liner cooling scheme 
Figure 1.4- 12 (a) Cooling air requirements and (b) production costs comparison of 
combustor liner cooling scheme. - (Wadia 1988) 
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1.5 General Review - Film and Effusion cooling 
Goldstein ( 197 1) carried out a review on film cooling work between the late 40s 
and the early 70s. He argued that the heat flux between the cooling film and the 
wall can be defined using the concept of a convecti ve heat transfer coefficient. 
The problem can be sign ificantly simplified if it can be assumed that the flow 
properties are constant. However, in the gas turbine app li cation thi s may not be 
true because the temperature between the coolant and the hot gas is significantly 
different (I'IT- IOOOK). This large temperature difference means the fluid 
properties may vary so making the problem more complex. 
The heat transfer coefficient can be related to the heat flux and temperatures as, 
Equation \ .5-\ 
where q is the heat flux , h is the heat transfer coefficient in W/(m2K), T w is the 
local wall temperature and T gas is the local fluid temperature next to the wall. 
Assuming a perfectly insulated wall , the heat flux to the surface would be zero, 
resulting in the temperature at the surface of the wall to be known as the adiabatic 
wall temperature. The wall temperature under ad iabatic conditions is then equal to 
the temperature of the fluid adjacent to the wal l. 
From the above equation, the heat flux is a function of the heat transfer coefficient 
and the temperature difference and the ability to detennine both heat transfer 
coefficient and changes in temperature are essential. For example, when hot gas 
flows over a surface assuming the absence surface heat transfer, then the 
temperature on the surface is a function of the local hot gas temperature. With 
heat transfer, a thennal boundary layer is fOl1l1ed; and the heat transfer coefficient 
is then dependant on the state of the boundary layer passing over the surface. For 
example, skin friction is different for a turbulent or a laminar boundary layer and 
as suggested by Reynolds analogy, the heat transfer wi ll also be different. 
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A further complication is introduced when a coolant film is present and flowing 
over the surface of the wall. In this case the wall temperature depends on both the 
convective coefficient and the way in which the film gas temperature develops. In 
the early stages, the gas temperature can be assumed to be the same as the coolant, 
but this will not be so further downstream. As the cooling film develops, it will 
mix with the hot mainstream gas hence the near wall temperature will be 
somewhere between the hot mainstream gas and coolant temperatures. It is very 
common that the adiabatic wall temperature is expressed as a non-dimensional 
parameter, known as the adiabatic wall effectiveness: 
11 _ Tadiabatic - Tfreestream 
• I adiabatic - T T 
coolant - freestream 
Equation 1.5-3 
However, it is difficult to measure the adiabatic wall temperature accurately; for 
this reason, a different experimental approach is sometime used. Rather than 
performing an experiment with the mainstream and coolant film at different 
temperatures, a mass transfer analogy can be used. In other words, a tracer gas can 
be injected into either the mainstream or the coolant circuit under isothermal 
conditions. By measuring the local concentration, the adiabatic wall effectiveness 
as mentioned above can be expressed as: 
" ::::: C iw - C freestream 
C 2 - C freestream 
Equation 1.5-4 
where C in this instance is a mass fraction. If the tracer is injected in the coolant 
stream, then Cz has a value of 1 and Cfreestream will be 0, Equation (1.5-4) has the 
same meaning as Equation (1.5.3), and be reduced to 
Equation 1.5-5 
Hence, Equation (1.5-4) suggests that the gas concentration at the wall surface can 
be said to be equivalent to the adiabatic wall effectiveness. 
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Howev:er, the mass transfer process is analogous to the heat transfer process only 
if the Lewis number (both turbulent and molecular) is unity (Equation 1.5.-9). 
This implies that the Schrnidt number (Equation 1.5-10) is equal to the Prandtl 
number (Equation 1.5.-11) i.e. the thennal diffusivity and the mass diffusivity 
should be equal. 
Lewis number, 
Schrnidt number, 
Prandtl number, 
Le= Sc 
Pr 
Sc = momentum diffusivity 
species diffusivity 
Pr = momentum diffusivity 
thennal diffusivity 
Equation 1.5-9 
Equation 1.5-10 
Equation 1.5-11 
In a turbulent flow, the turbulent Lewis number (defined in tenns of the effective 
transport properties detennined by the flow turbulence properties) plays a much 
greater role than the molecular Lewis number. In other words, in a turbulent flow, 
even if the molecular Lewis number is not unity, as long as the turbulent Lewis 
number is close to unity this analogy will stand. At high Reynolds number and for 
fully turbulent flow, since the turbulent eddies are as effective of transporting 
species as temperature, then a turbulent Lewis number close to unity is a 
reasonable approximation. 
As mentioned earlier, the heat flux at the surface is a function of both the heat 
transfer coefficient and the gas and surface temperatures. However, it is important 
to note that these values depend on the flow field development over the surface. 
Hence, the study of film cooling often requires both (i) surface measurements and 
(ii) flowfield measurements. Thus, experimental techniques such as Laser Doppler 
Anemometry (LDA) and hotwire anemometry have been used to characterise flow 
field development along the cooled surface. 
Another important factor in the study of film cooling is the set of scaling 
parameters, which have to do with the operating conditions. These non-
dimensional parameters are of interest because usually it is not possible or, indeed 
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highly expensive to operate at the absolute temperatures and flow rates found 
within a gas turbine engine. Hence, experiments are typically conducted at less 
extreme conditions and hence some method is required to scale between the 
experimental and actual operating conditions. The most commonly used non-
dimensional parameters defining the flow operating conditions regarding a film 
cooling device are; velocity ratio, blowing ratio, momentum ratio and density 
ratio. All the work reviewed below uses one of these parameters to devise the 
relevant operating condition. 
Velocity Ratio, 
Blowing Ratio, 
Momentum Ratio, 
Density Ratio, 
VR == Vcoolant 
VHotgaS 
M == P Coolant V Coolant 
PHotgaS V Hotgas 
I == P Coolant V ~ootant 
P Hotgas V ~otgaS 
D R = P Coo]'nt 
PHotgas 
Equation 1.5-12 
Equation 1.5-13 
Equation 1.5-14 
Equation 1.5-15 
From the literature available, it is not entirely clear which parameter should be 
selected as the best scaling parameter in experiment design (or indeed whether 
matching on the basis of more than one parameter is required). Section 1.5.1 will 
summarise the views of various workers and will assess the significance of these 
views relevant to the experimental work to be conducted in the present project. 
The amount of literature covering the topic of film cooling is huge, ranging from 
geometry variations to different experimental variables such as velocity ratio, 
freestream effects etc. Wieghardt (1946) carried out the first well-known study on 
film cooling back in 1946 (although it was then described as film heating since the 
injected gas was heated to investigate the de-icing of aircraft wings).As already 
noted Goldstein (1971) provided a detailed review of work carried out on film 
cooling between the 1940s and late 60s. As mentioned earlier, there are various 
liner wall cooling techniques available and therefore the discussion here is limited 
to film cooling slot and effusion hole type-geometries since these are of most 
relevance to the current investigation. However, it is also worth noting that a large 
proportion of the papers reviewed by Goldstein were concerned with turbine 
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blade, rather than combustor liner cooling. The difference between these two 
applications includes the axial surface curvature, the operating condition such as 
the blowing ratio, the mainstream velocity profile and compressibility effects 
(Mach number). In the case of the turbine blade, the axial surface curvature would 
be much greater than in the combustor liner, and therefore pressure gradient and 
streamline curvature effects will play a more significant role than for the liner. In 
addition, the velocity profiles approaching the first row of the turbine blade are 
uniform in the radial direction compared to those found in the case of the liner. In 
the case of the velocity profile in the liner, (due to the recirculation region created 
for flame stabilisation reason in the combustor primary zone), the mainstream 
flow in the combustor is likely to be highly distorted; with the local velocity near 
the liner wall region having a higher value than further away from the wall in the 
recirculation region. In other bays, for example downstream of an air admission 
port in the liner wall, the velocity profile may be reversed, i.e. lower velocity near 
the wall. 
In addition to the review carried out by Goldstein, Han et al (2001) also undertook 
a review on flat surface film cooling through effusion holes. Appendix A 
summarises the different operating conditions, in a table form, of most of the work 
reviewed in this section. 
1.5.1 Flowfield parameters 
As shown in section 1.5, the common scaling parameters characterising the flow 
operating conditions, namely velocity ratio, blowing ratio, momentum ratio and 
density ratio. Although studies on film cooling have been carried out for more 
than 50 years, there is still surprisingly considerable debate on which is the most 
relevant scaling parameter to use. Several authors have suggested that the relevant 
scaling parameter is a function of the particular flow characteristics of interest. 
For example, when looking at the flow in the immediate vicinity of an effusion 
hole, the momentum ratio might be the most relevant parameter because this 
dictates whether the effusion flow remains attached to, or separates from, the 
surface. Whether the flow attaches or separates has a significant effect on the 
cooling effectiveness and heat transfer. 
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Figure 1.5-1 Effect of density ratio at constant blowing ratios: (a) M = 0.5 and (b) 
M = 1.0. - (Sinba et al 1991) 
Goldstein (1971) was perhaps the first to suggest that for a three dimensional slot 
i.e. flow through an effusion hole, the momentum ratio should be used rather than 
velocity or blowing ratio because it is the momentum of the jet that dictates the 
degree of penetration into the freestream which will then affect the cooling 
effectiveness as discussed earlier. Sinba et al (1991) observed that at Iow coolant 
flow rate, i.e. when the coolant stays attached to the surface, the adiabatic 
effectiveness scaled well with the blowing rate. This can be seen in the results 
shown in Figure (1.5-1). At a Iow blowing ratio of 0.5, the data obtained at two 
different density ratios of 1.2 and 2 collapse on each other. However, as the 
blowing ratio increases, this is no longer true. The reason for this was that as the 
blowing ratio increased, the jets began to detach from the surface hence resulting 
in this effect. 
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This seems to confirm that there is no single scaling parameter which will collapse 
data under all circumstance. This means that in general, two parameters are 
needed to define the flow operating conditions (e.g. velocity ratio and density 
ratio, or density ratio and momentum ratio etc). In some circumstances, the 
density effects can be combined with the velocity ratio ( i.e. blowing ratio M), and 
hence for these flows, blowing ratio captures both density ratio and velocity ratio 
effects adequately. In other circumstances, the calculation of density ratio and 
velocity ratio squared (hence momentum ratio, I), this parameter is adequate to 
capture the flow. This is also in agreement with the work done by Cutbirth et al 
(2003). Their study concluded that if the jet attaches to the surface of the wall i.e. 
no separation, then the blowing ratio would be a good scaling parameter, however 
when the coolant does detach from the surface then momentum ratio should be 
used as the scaling parameter. Figure (1.5-2) and Figure (1.5-3) show the results 
obtained by Cutbrith. In these figures, it can also be noted that at low turbulence 
level, velocity ratio scaled much better than either blowing or momentum ratios. 
On the other hand, at higher turbulence conditions, blowing ratio seem to scale 
much better than velocity or momentum ratios. 
When dealing with cooling flow exiting from a two dimensional slot, blowing 
ratio has often been used as the scaling parameter e.g. in the investigations carried 
out by Sivasegaram et al (1969) Nina et al (1971), Sturgess et al (1980) and 
Hyung et al (2002). This further illustrates that using blowing ratio as the scaling 
parameter is optimal when the coolant stays attached to the surface (as IS 
inevitable in the case of a two dimensional slot). 
1.5.2 Cooling effectiveness measurements 
Cooling effectiveness is an important parameter needed to estimate the heat flux 
for the liner. It reflects the development along the tile of the local coolant film 
temperature and is usually determined using two different experimental 
approaches. The first approach is to generate a difference in temperature of the 
two streams either by heating/cooling the mainstream or coolant flow. By using 
various temperature sensors, the difference in temperature can be measured. The 
second approach is to inject a gas tracer into one of the streams and measure the 
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difference in concentration of the flow. The fonner would require some fonn of 
heating/cooling hence making the experiment more expensive (material for the 
rig, ensure test plate to be adiabatic wall etc). In the latter, the rig can be operated 
at isothennal conditions and yet obtain remarkably good data. 
It might be worth reminding that the latter method of effectiveness measurement 
is a simplified approach because, as mentioned earlier the Lewis number must be 
unity, in practice this may not be exactly true. However, even if the mass transfer 
analogy does not mimic an experiment with temperature difference exactly; it will 
certainty give the correct trends even if the absolute values are in error. 
1.5.2.1 Effect of geometry variation - Cooling Slot 
In a two dimensional cooling slot, the coolant is injected into the mainstream 
through a continuous slot and this can have advantages over a three-dimensional 
geometry (such as effusion holes) because of its spanwise unifonnity in film 
cooling. In a three-dimensional geometry, the coolant is not unifonn in the 
spanwise direction and this tends to result in the cooling film being more prone to 
blow off from surface and for the mainstream to interact with individual cooling 
jets. This reduces cooling effectiveness as discussed by Goldstein (1971). In 
contrast, the main disadvantage of the cooling slot is its structural integrity, as the 
slot is continuous this is often difficult to incorporate into a combustor liner. 
The development of a flow issuing from a cooling slot is presented schematically 
in Figure (1.5-4) based on the description published by Sturgess (1966). The flow 
approaching the slot consists of two regions, the preceding film and the 
mainstream flow. When the mainstream flow separates at the cooling slot exit, it 
will create a wake region between the slot flow and the mainstream. Sturgess 
explained that the flow from the slot could be classified into three regions (i) the 
potential core (Xp), (ii) the transition region (XT) and (iii) the main region. The 
potential core is defined as the distance required for the inner edge of the growing 
mixing layer between the mainstream and the film to reach the cooled wall 
boundary layer growing within the injected film. In the core, the effectiveness 
remains high and roughly constant or just below 100%. The length of the core can 
35 
Introduction 
extend from two to five slot heights downstream from the slot, this being a 
function of the velocity ratio between the mainstream and the coolant. The 
maximum length of the potential core tends to occur as the velocity ratio 
approaches unity. The transition region is the distance between the end of the core 
and the starting of the main region. In this region, the effectiveness decays rapidly. 
Lastly, in the main decay region of the flow, the effectiveness continue to reduce 
as the two streams continue to mix, result also suggests that the film now 
possesses a turbulent boundary layer characteristic and profile similarity can be 
observed. 
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As already described, the upper slot lip will create a velocity deficit between the 
mainstream and the slot flow resulting in a wake region between the mainstream 
and the slot as shown in Figure (1.5-5). The wake width, (8w), is dependent on the 
thickness of the lip and the blowing ratio between the mainstream and the coolant. 
By using a foreign gas under isothennal condition, both Bums et al (1969) and 
Kacker et al (1968) investigated the impact on effectiveness of increasing the lip 
thickness relative to the slot height. In Bums's investigation, two different slot lip 
thicknesses of3.175 mm (118 in.) and 0.127mm (11200 in.) were used relative to a 
constant slot height of 1.588 mm (1116 in.). Any variation of the measured 
adiabatic cooling effectiveness could be attributed to the variation in slot lip 
thickness. Thickening the slot lip resulted in decreasing the cooling effectiveness 
and was especially significant when the density ratio of the coolant and the 
mainstream was low. Two different gases were used in this study to simulate the 
density ratio effect namely helium injection and Arcton-12. It seems that at low 
density ratio (helium to air), the helium jet is drawn into the wake generated by 
the thick lip and causes a separation bubble on the cooling surface. By xis = 4, the 
velocity profiles indicate a reversed flow region. The velocity profiles also 
indicated the wake of the lip is still visible after xis = 32. However, at higher 
density ratio (Arcton-12 to air), the wake from the lip seems to be mixed out by 
xis = 16. As the slot lip will generate a region of separation downstream of the 
slot, this will enhance mixing between both streams. Therefore, the thickness of 
the slot lip can play an important role. 
This was also in agreement with Kacker et al (1968) who concluded that as t! Ye 
increases, the effectiveness decreases. However, in their study, the slot height Ye 
was varied, rather than the thickness. Sivasegaram et al (1969) confinned that the 
adiabatic wall effectiveness reduces significantly as the thickness of the upper slot 
lip increases above 0.25Ye. In that study, rather than varying both the thickness of 
the lip and the slot height, only one variable was changed (i.e. the thickness of the 
lip was varied whilst the slot height was held constant). Two different test 
conditions were carried out at t! Ye of 0.8 and 1.6. As already outlined, 
Sivasegaram et al (1969) indicated the most probable reason for the reduction in 
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cooling effectiveness would be due to the separation and the reverse flow region 
behind the lip. By increasing the thickness of the lip, this effectively increases the 
wake region. 
Bittlinger et al (1994) investigated the effect of blowing ratios in the range 0.57-
3.39 but with a density ratio of 1.6. The mainstream turbulence intensity was 
maintained at 2%. They confirmed the findings of the experiments carried out by 
Bums et al (1969) and Kacker et al (1968) who investigated the effect of operating 
conditions on effectiveness in addition to the physical geometry as mentioned 
above. In their studies, both concluded that as the velocity ratio approaches unity 
the cooling effectiveness increases. This is because the velocity gradient between 
the mainstream and the coolant flow reduces thereby lowering the shear stresses in 
this region. Consequently, the amount of turbulence and mixing between the 
mainstream and coolant flow is reduced. On the other hand, when the velocity 
ratio is above unity, the additional benefit of the addition of coolant is 
compensated by the increase in mixing generated by the high velocity gradient 
between the mainstream and coolant flows. This resulted in the cooling 
effectiveness remaining constant or only a very slight improvement. 
Sturgess et al (1980) reported that another important variable that may contribute 
to the film degradation (and hence effectiveness) is the inital film turbulence as 
opposed to the turbulence generated by the shear layer between the mainstream 
and the coolant flows. He compared two different geometries, an idealised slot 
and a practical slot. The idealized slot consists of remote coolant metering holes 
and a smooth convergence with a thin lip. Hence, the coolant flow issuing from 
the slot was of relatively Iow turbulence level. On the other hand, a practical slot 
typically consists of coolant metering holes (usually circular holes) immediately 
feeding a small chamber formed by the liner. It also has a short lip of substantial 
thickness to discharge the coolant tangential to the liner wall, which can be seen in 
Figure (1.5-6). In many studies done in the past (e.g. Kacker et al (1968», an 
idealised slot was used and hence the turbulence intensity does not resemble those 
of practical slots. For practical slots, the initial turbulence intensity is much 
greater than for the idealised slots. Sturgess also noted that there is a significant 
circumferential non-uniformity in a practical slot. This is due to the incomplete 
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mixing out of the metered coolant jets within the slot plenum. This effect will 
increase initial entrainment rates, thereby lowering the film cooling effectiveness 
of the film. Rastogi et al (1972) estimated that this three-dimensional effect could 
persist as far as 30 diameters downstream. In other words, to characterise the flow 
development downstream of the slot accurately, a representative geometry should 
be used since the initial turbulence level has an impact on the decay of the coolant 
film. This was in agreement with the work reported by Nina et al (1971). In that 
investigation, a practical slot geometry was used and the recommendations were 
the need for a thin and long lip. That was to reduce the effect of the 
circumferential non-uniformity and to minimize the wake off the lip. Sadly, in 
reality this might not be physically possible because of the durability of such lips 
and the difficulty of supporting these. If mechanical support lips were used then 
these supports might also generate unwanted flow disturbances. 
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Figure 1.5-6 Geometric description of a practical slot. - (Sturgess et al. 1980) 
The following summarises the discussion on 2D cooling slot studies: 
1) Ideally, the upstream lip of the cooling slot should be as thin as possible in 
order to reduce the wake hence reducing the mixing between both streams. 
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2) As the velocity ratio increases towards unity, the cooling effectiveness 
improves. This is due to the reduction of the shear stress between the two 
streams. However, increasing the velocity ratio above unity would result, 
in the cooling effectiveness showing only marginal improvement. 
3) Sturgess suggested that a practical slot should be used in experimental 
studies rather than an ideal slot because of the importance of the initial 
flow conditions on the cooling film development. 
1.5.2.2 Effect of geometry variation - Effusion Holes 
The effect of geometry variation on effusion holes has also been widely studied. 
There are again several parameters that affect the cooling performance of the 
effusion holes such as angle of injection, u, the distance between the holes (i.e. 
pitch, p), the number of rows of effusion holes used, and the arrangement of the 
effusion holes i.e. inline or staggered. A desirable geometry would be one that will 
direct the coolant along the wall as it enters into the mainstream so that it does 
not de-attach from the surface. In this way, the coolant remains adjacent to the 
surface. 
Foster et al (1980) investigated the effect of the angle of the effusion holes using a 
single row of holes. In this investigation, 3 different angles were investigated, 90°, 
55° and 35° and tests were undertaken at two different blowing ratio, 0.5 and 1.4. 
Figure (1.5-7) shows that in the initial region (xlD <20), the averaged 
effectiveness of the wall collapsed for all three angles and decrease when the 
blowing ratio increased. This observation is in agreement with the Goldstein et al 
(1971). Goldstein explained that at low blowing ratio (i.e. M-O.5), the cooling jets 
tend to enter the flow quickly and attached to the surface of the mainstream. 
However, as the blowing ratio increase, the jets penetrate into the mainstream. 
This allows the mainstream to flow around and under the jets as well as the 
separation of the coolant from the wall surface. 
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Figure 1.5-7 Cooling effectiveness based on spanwise averaged effectiveness at 
different blowing ratio and three different injection angles. - (Foster et a11980) 
Kohli et al (1997) carried out tests with similar angles of injection, et , of 35° and 
55° as reported by Foster. The general trend of increasing blowing ratio reducing 
the cooling effectiveness was observed, as can be seen in Figure (1.5-8). In 
addition, they concluded that the overall cooling effectiveness at 55° is similar to 
that at 35° especially at low momentum ratio. Kohli concluded that a shallower 
angle has a higher cooling effectiveness than those steeper one, which is in 
agreement with the results obtained by Pedersen et al (1977). This is due to the 
turbulence intensity within and above the hole and immediate downstream of the 
hole being greater for et 55° than at 35°. This higher turbulence intensity 
encourages mixing of the coolant and the mainstream and hence lowers the 
cooling effectiveness. At low momentum ratio (Iow blowing ratio), the results 
presented by Foster et al (1980) agrees with those of Kohli. However, at high 
momentum ratio (high blowing ratio) the result of Foster contradict these of Kohli 
As shown in Figure (1.5-7), the Foster finding was that at high momentum ratio a 
steeper angle of injection would provide a higher effectiveness than that of a 
shallower angle . 
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angles. - (Kohli et al 1997) 
Another parameter that Foster et al (1980) examined was the effect of the pitch 
spacing between the discrete holes which is usually defined in terms of hole 
diameter. Four test configurations were studied, 1.2SD, 2.5D, 3.7SD and SD. The 
injection angle was kept constant for all tests in order to rule out any dependence 
on a. Two different blowing ratios of O.S and 2.4 were tested and, perhaps not 
surprisingly, the results indicated that as the pitch spacing increases a more non-
uniform flow resulted. From a design point of view, the spacing between holes 
should be kept small but this again is limited by structural requirements. 
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Some workers, such as Jabbari et al (1978) and Afejuku et al (1980), have studied 
the effect of having two rows of effusion holes compared to a single row. The 
geometry of the two rows of effusion holes used in labbari et al (1978) was such 
that the holes were arranged in a staggered position with a pitch to diameter ratio 
of 3. The distance between the first and second rows was 2.6 diameters ratio 
whilst the angle of injection, (1., was 35°. The blowing ratio in this study ranged 
from 0.2-1.5. They reported that the cooling effectiveness became laterally 
uniform only after 30 diameters downstream of the holes with the maximum 
cooling effectiveness being along the hole centreline and the minimum cooling 
effectiveness occurring at 1 hole diameter away from the centreline. As the 
blowing ratio increased the position of the minimum cooling effectiveness shifted 
away from the centre of the hole. These authors also suggested that two rows of 
effusion holes is much better than a single row with constant injected mass per 
unit span and blowing ratio. The jets issuing from the double rows tend to have a 
lower penetration into the mainstream because of the interaction between the two 
rows and the lower momentum ratio due to the increase in injection area. Afejuku 
et al (1980) confirmed that a staggered configuration was superior to an inline 
configuration. However, this will not be true if the row spacing is increased. By 
increasing the row spacing, the development length for the film increases, hence, 
this will increase mixing and so when it meets the second row, it will be less 
dependent upon the row configuration. In the later work of Afejuku et al (1983), 
the authors concluded that in a two row effusion hole configuration, the upstream 
row of holes has a significant influence on the degree of penetration of the 
downstream row. An increase in momentum flux increases the tendency oflift off. 
This also explains the high film cooling effectiveness at high blowing ratio 
reported by Jabbari et al (1978). 
Although not included in this review, it is worth noting that many other workers, 
(such as Joon et al (2003), Gartshore et al (2001), Kaszeta et al (1998), Honami et 
al (1992), lurbran et al (1985) and Crabb et al (1981», have also carried out 
measurement on the effect of orientation of the effusion holes with results finding 
in line with the above discussion. 
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To summarise the above discussion, 
1) The impact of increasing blowing ratio (momentum ratio) is to decrease 
the film cooling effectiveness. By increasing the blowing ratio (momentum 
ratio), the coolant flow tends to penetrate into the mainstream. 
2) Effusion cooling holes with shallower angles tend to provide a better 
cooling effectiveness downstream of the holes regardless of blowing ratio 
(momentum ratio). This is because at shallower angles of injection, the 
coolant flow tends to attach to the surface of the liner better than at steeper 
angles. 
3) The ratio of pitch spacing to hole diameter should be kept as small as is 
practical to ensure the cooling flow from the holes approach spanwise 
uniformity as quickly as possible. 
4) Two rows of effusion holes has proven to be superior to a single row with 
constant injected mass per unit span and blowing ratio. In addition, a 
staggered hole arrangement also proved better than an inline arrangement. 
1.5.2.3 Effect of freestream turbulence on film cooling - Cooling slot 
The high turbulence intensity generated by the combustor internal flow pattern 
arises due to the complex aerodynamic features in the combustion chamber such 
as swirling shear layers, impinging primary and secondary jets, recirculation zone 
etc. Marek et al (1975) investigated the effect of freestream turbulence on film 
cooling. In this investigation, the temperature of the hot gas was kept constant at 
590K while the film cooling air was at ambient temperature. Different freestream 
turbulence levels were achieved by changing blockage plates in the mainstream 
supply, which had blockage areas of 0, 52, 72 and 90% upstream of the slot. The 
following is a detailed description of the operating conditions corresponding to the 
different blockages: 
Freestream turbulence 7, 14,23 and 35 % 
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Slot turbulence 
Mainstream Integral length scale 
Film cooling flow rate 
Introduction 
20% 
23- 52 mm 
2.5,5, 7.5 and 10% of the total 
airflow 
The outcome of this investigation was a rapid degradation of the cooling film was 
observed as the turbulence intensity increased indicating that high turbulence 
resulted in more mixing of the cooling film and hence a higher test plate 
temperature. The cooling effectiveness reduced as much as 50% when the 
turbulence intensity increased from 7 to 35%. 
In addition, even though the turbulence intensity generated by the aerodynamic 
features is important, the scale of turbulence is equally critical. In other words, 
both the magnitude and scale are important. For example, the turbulence scale 
generated by the ·film is much smaller compared to the turbulence scales generated 
by the swirl er or the primary port due to the physical size of these features. 
Sturgess (1977) suggested that when the mainstream turbulence has an integral 
length scale greater than the film, it will reduce the film cooling effectiveness. 
However, when the length scale is of the same magnitude or smaller than the film, 
it has very little effect. In other words, in experimental studies of cooling film, 
besides simulating the mainstream turbulence intensity, the length scale should 
also be simulated if possible. 
1.5.2.4 Effect of freestream turbulence on film cooling - Effusion hole 
The general trends reported by most papers (see references below) concluded that 
at blowing ratios between 0.5 and 0.95, the cooling effectiveness reduces as the 
mainstream turbulence intensity increases. At higher blowing ratios, the cooling 
effectiveness increases with high mainstream turbulence. This is because of the 
reduction of lift off and the rapid diffusion of the coolant to the wall (separation 
and re-attachment of the coolant). Bons et al (1994), Schrnidt et al (1996) and 
Mayhew et al (2002), all reported the above observation. Bons conducted 
experiments at four different freestream turbulence intensities (0.9%, 6.5%, 12% 
and 17.5%) and across a range of blowing ratios from 0.55-1.85 (density ratio of 
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0.95). At low blowing ratio, the cooling effectiveness decreased as the freestream 
turbulence increased. One particular result is shown in Figure (1.5-9). At a 
blowing ratio of 0.75, the condition that has the highest cooling effectiveness is 
when Tu is at 0.9% and the lowest is at 17%. This is due to the low magnitude of 
the blowing ratio, which implies a lower jet momentum, which is weaker than the 
mainstream. As freestream turbulence increases, the large fluctuations tend to 
break down the cooling jet, thus lowering the cooling effectiveness. The jet could 
not be completely developed due to the disturbance from these large mainstream 
fluctuations. 
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Figure 1.5-9 Cooling effectiveness at different freestream turbulence intensities 
and blowing ratios. - (Bons et al. 1994) 
As the blowing ratio increases above unity, the jet has higher momentum than the 
freestream. However, because of the higher blowing ratio, the jets tend to lift off 
from the surface into the mainstream and weakly re-attach at some distance 
downstream. From the Figure (1.5-9), it can be seen that at the high blowing ratio, 
the cooling effectiveness is less influenced by the freestream turbulence unlike at 
the lower blowing ratio. The significant reduction in the cooling effectiveness in 
the immediate region at high turbulence is due to the jet penetration into the 
mainstream. At the re-attachment point, the jets will be dissipated faster with high 
mainstream turbulence and this accounts for the lower effectiveness further 
downstream. However, when compared to the lower blowing ratio, the cooling 
effectiveness improves at higher blowing ratio. This is due to the high turbulence 
that causes greater dispersion of the coolant, which promotes the movement of the 
coolant back to the surface of the wall as noted by Schmidt et al (1996). 
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1.5.3 Flowfield measurements 
Although there have been many reports on film cooling, most of these 
coucentrated on surface measurements and very few were extended to flowfield 
measurements. However, as already discussed, it is the flowfield and its 
development, which determines conditions at the surface. Bittlinger et al (1994) 
carried out some flowfield measurements on cooling slots whilst Burd et at 
(1998a) and Pietrzyk et al (1990) used angled holes in their investigation. 
Bittlinger et al (1994) measured the velocity profile downstream of a cooling slot 
and reported that when the velocity ratio is less than unity, the flowfield at coolant 
exit is divided into two regions, the mainstream and the slower cooling film near 
the wall. Further downstream, the velocity profile approaches that of a turbulent 
boundary layer. At the last measuring station (xiS = -57) the flow can be 
adequately described using a 1I7th power law profile. However, as velocity ratio 
increases above unity, a wall jet like behaviour from the coolant slot was 
observed. The cooling film then decelerates as the axial distance increases. The 
film widens in the direction normal to the wall with the peak velocity moving into 
the mainstream. At the last station (xiS = -57), the wall jet like profile could still 
be seen. 
Flow through an effusion cooling hole can be assumed similar to a jet emerging 
into a crossflow. This subject of a jet emerging into a crossflow has been well 
documented, hence it will not be included in this review but some selected and 
relevant works are those of Andreopolus et al (1984) and Coelho et al (1988). 
Other interesting work has been reported, such as Burd et al (1998a) who studied 
the effect of film cooling flow by varying the turbulence intensity and the hole 
LID of a row of film cooling holes at a = 35°. Results show that varying the LID 
ratio at low freestream turbulent intensity changes the flowfield much greater than 
at high freestream turbulence conditions. Since in an engine condition the flow is 
highly turbulent, it is very likely that the LID of the effusion holes will not 
influence the flowfield. Other works reported included measuring the discharge 
coefficient of the effusion holes as reported by Hay et al (1983) and Burd et al 
47 
Introduction 
(1998c). Thole et al (1997) studied the effect of a crossflow at the entrance to a 
film-cooling hole. 
Finally, it should be mentioned that most reports on high turbulence intensity 
mainstream flow had usually generated the high turbulence levels by using 
passive grids or a jet grid. A jet grid is simply a round tube grid, with compressed 
air flowing inside the holes. On the surface of the tubes are small injection holes 
uniformly distributed to inject the compressed air into the mainstream either in a 
upwind or downwind injection. Turbulence intensity levels achieved in this way 
have been reported as high as 30%. However, in a combustor chamber with jet 
impingement and flow from the swirler etc the turbulent intensity might be greater 
and certainly will be of larger scale than produced by grids. Barrett et al (2003) 
presented in detail the turbulence intensity and the length scale produced by the 
different turbulence generators mentioned above. Young et al (1992) also studied 
the effect of a jet grid. They commented that the jet grid with downwind injection 
produces greater turbulence intensity with smaller length scale while, the upwind 
produces lower turbulent intensity with larger scale. At the University of 
Minnesota Wang et al (1996), which mainly investigated the cooling film 
associated with turbine blades, generated high mainstream turbulence by injecting 
the main flow through some openings and hence creating a recirculation zone 
inside the turbulence generator, located upstream of the test section. This gave a 
turbulence level of 12% with a length scale of 3.3cm. By using this arrangement 
the flow approaching the cooling blade geometry will possess a turbulence 
intensity and length scale of similar magnitude as those that would be experienced 
in the exit ofa combustor. Works such as Burd et al (1998), Thole et al (1997) etc 
used this experimental set up. 
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1.6 Objectives of the present study 
As already described, there is a need to reduce the amount of coolant used within 
modem, Iow emission gas turbine combustors thereby allowing more air to 
participate in the combustion process. It is thought this reduction can only be 
achieved by an improved understanding of the complex fluid mechanic processes 
that influence the coolant flow and its development within a combustion chamber. 
While a large experimental data exists in the open literature on film and effusion 
cooling, the application was on turbine blade cooling and there are limited 
documentations for combustion cooling. Furthermore, the geometries that used are 
usually based on an ideal slot rather than those that resemble a modem combustor 
(i.e. a practical slot rather than ideal). In this current investigation, the geometry 
used is similar to those found in a modem combustor liner (for both single and 
double skin system). In addition, combination of flowfield and surface 
measurements on a modem cooling system are extremely rare. As reported in the 
open literature, the turbulence structure in the high mainstream turbulence 
intensity usually does not have the same similar magnitude as those found in a 
combustor. In this current study, the high mainstream intensity will be generated 
in such a way that the turbulence structure of similar magnitude will be simulated. 
The objective of this study is therefore to investigate the development of a cooling 
film issuing from both single and double skin cooling systems and includes the 
following: 
• To determine the boundary conditions of the cooling film at the slot exit of 
the cooling slot, 
• To determine the important fluid mechanic processes that dictate the 
development of the cooling film, and its effectiveness, downstream of the 
coolant slot, 
• To assess the impact of an effusion patch on the performance of the 
coolant film, 
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• To determine the impact of high mainstream turbulence levels and scales 
of turbulence on the coolant film break up, 
• To compare the performance of single and double skin systems. 
A further objective of the experiment is to provide much needed data for the 
validation of numerical predictions. For example, such calculations often indicate 
a much slower break up of the coolant film relative to that observed in practice 
Menzies (2001). It would be very beneficial to validate numerical predicts at these 
simplified operating conditions in which density ratio effects and variations in 
fluids properties are not simulated. Hence assessment can be made as to whether 
the predications correctly capture the fluid mechanics which determine coolant 
film development, and if not what methods and techniques should be used to 
achieve this. Only then would it be desirable to introduce the effects of density 
ratio, local variation of fluids properties etc. 
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1.7 Structure ofthe thesis 
Chapter 2 gives a detailed account of the experiment facility. It will include the 
commissioning stage and the operating condition of the rig. A brief discussion of 
the instrumentation including principles, experimental set-up, experimental 
uncertainty, and data reduction can be found in Chapter 3. The instrumentation 
used in this project can be classified as flowfield or surface measurement. The 
former includes pitot probe, Hotwire anemometer and Particle Imaging 
VeIocimetry, whereas the latter includes the gas tracing technique. Chapter 4 
presents and discusses the experimental results for the double skin system whilst 
Chapter 5 presents and discusses the experimental results for the single skin 
system. Chapter 6 will summarise the findings of the work carried out and further 
recommendations will also be included in this chapter. 
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2.1 
2.2 
2.3 
Description of the test rig 
Test specimens 
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Chapter 2 Experimental Facility and Rig Commissioning 
All the experimental work was conducted in a test cell which, as shown in Figure 
(2-1), consisted of 3 levels (basement, I st and 2nd Level). Adjacent to this test cell 
is a separate room where a fan is located which supplies air to the test cell. When 
the fan is operating in a blowing mode, atmospheric air is drawn through the inlet 
louvre, and passes through the fan to enter the test cell basement via a square duct 
at the fan outlet. The basement acts as a plenum in order to reduce the 
aerodynamic disturbances, generated by the fan, prior to this air entering the test 
rig which is located on the 1 st level of the test cell. Having passed through the test 
rig, the air then enters the 2nd level (or the outlet plenum) before being exhausted 
to atmosphere via the exit louvre. 
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Figure 2-1 Schematic ofthe test facility 
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2.1 Description ofthe test rig 
The test rig was designed to accommodate the constraints associated with the test 
facility, this meaning that a single fan was available to power both circuits which 
limited the physical size of the test rig. In addition, for cost and time reasons, it 
was desirable to use some existing components tested by Denman et al (1999). In 
this earlier work, the effective area of various large scale cooling tile geometry 
was investigated but this investigation did not include the simulation of any 
mainstream flow passing over the tile. 
With these constraints in mind the following test rig requirements were defined: 
• Only a sector of the liner will be investigated. 
• The test facility fan characteristic dictated the pressure drop! flow rate 
through both circuits. 
• The size of the test rig was dictated by the fan characteristic along with the 
desire to obtain representative engine Reynolds number for the flow 
passing through the tile. A 10 times full size geometry fulfilled these 
requirements whilst also providing good spatial resolution for the 
instrumentation. 
• The ability to simulate high levels of turbulence intensity and scale in the 
mainstream flow was required. 
• Easy access for the instrumentation. 
• Minimum work to change the test specimen i.e. between the single and 
double skin systems. 
The above requirements are, of course, in addition to the usual requirements 
associated with a test rig such as cost, ease of manufacturing, etc. As in most film 
cooling studies, a flat plate will be used instead of one in which either convex or 
concave surface curvature is present. This could be justified by the fact that the 
radius in a combustor is large relative to the size of the coolant features (Le. the 
effect of surface curvature are relatively small). By ignoring this curvature, a 
significant cost reduction can be achieved whilst also reducing the complexity of 
the measurement system. 
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This study mainly focuses on the aerodynamic characteristics of the film cooling 
and its interaction with the mainstream, i.e. the formation and development of the 
coolant layer within a mainstream flow. As already discussed, the main 
geometrical features of the cooling system have been scaled up by a factor of 10. 
In addition, the width of the test rig was set to 450mm so that the measurement 
region is far removed from any sidewall effects. Based on the cooling geometry 
being replicated the radial depth of the associated flame tube would be about 
80mm, so giving a scaled dimension of 800mm. In this study, only one side of the 
liner is investigated. Furthermore, if it can be assumed that the impinging jet 
flows, injector flow etc generate a flowfield pattern that is broadly significant 
about the centre ofthe flame tube then simulating half the flame tube depth would 
be sufficient. This means the mainstream depth could be reduced to 400mm. 
However, if the test rig were to be manufactured with this mainstream depth, then 
problems would arise: 
• Volume flow rate: At a depth of 400mm and a width of 450mm, this would 
give an area of0.18m2• With a typical mainstream velocity of about 12m!s the 
volume flow rate would be 2.l6m3 and a pressure of approximately 3.00kPa 
(Oenman (2001 )). The fan available would not be able to provide the required 
pressure rise at this volume flow rate. This is indicated by the experimentally 
determined pressure and volume flow rate characteristics for the fan and test 
cell combination presented in Figure (2.1-1). 
• Instrumentation: Another problem of having a 400mm depth is the more 
difficult instrumentation access. For example, it is desirable for the hot wire or 
the LOA system to gain access to the test section surface via the mainstream. 
However, the LOA system available has a focal length of 250mm whilst 
additional support would have to be provided for the hot wire probes for them 
to span the 400mm depth of mainstream flow. 
Alternatively, it might be argued that it is unlikely for the coolant to penetrate to 
the centreline of the combustor so that it is not necessary to simulate the half 
depth of the combustor. This was certainly the view at the start of the project. 
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However, it is also worth noting that if the mainstream depth is reduced, problems 
might ari se due to the change in area along the mainstream duct associated with 
each coolant slot. Thi s might result in a non-representati ve stati c pressure gradient 
in the mainstream. A compromi se between these vari ous factors resulted in a 
depth of 200mm being selected. The 200mm depth gives an acceptable vo lume 
fl ow rate and instrumentation access whil st the effect on the mainstream fl ow of 
the changes in area associated with the height of each coolant slot is negligible. 
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Figure 2.1-1 Carpet plot of total pressure diffe rence in the plenum and the 
available vo lume fl ow rate from the fan. 
3", 
As mentioned earlier, this experimental ri g consists of two open circuits, namely 
the mainstream and the secondary circui t. The test faci lity provided a single 37 
kW centrifuga l fan with a maximum speed of 3000 rpm, which had to be used to 
dri ve both circuits. However, the use of a s ingle fa n had a signifi cant impact on 
the experimental strategy. Notably, the pressure drop across both circuits must be 
ba lanced so as to achieve the correct coolant and mainstream flow di stributions. 
As the pressure across the secondary circuit is large, due to the small effective 
area of the tile confi guration, a similar magnitude of pressure drop must be 
introduced into the mainstream. Various methods were used to generate thi s 
pressure drop but the best configuration utili sed a throttle plate at inlet to the 
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mainstream circuit, as shown in Figure (2. 1-2), along with some additional metal 
gauzes. The main disadvantage of thi s stralegy was the turbulence generated by 
the throttling system; it had to be eliminated prior to the flow entering the test 
section. Thus, air from the plenum fl ows through the throttle system and into a 
settling plenum. Thi s air then passes through a filter cloth and two rows of 
honeycomb. The honeycomb helps straighten the flow whilst the filter cloth helps 
to reduce turbulence levels and filter out any pal1i cles in the flow that might 
damage the hotwire probe. 
The inlet mainstream section consists of 3 ducts with similar internal dimensions 
(4S0x I6Smm). The first duct has a rectangular bell mouth at one end and a fl ange 
at the other. The di ameter of the bell mouth is SOmm . The third duct incorporates 
• 
a honeycomb and metal gauze. A trip wire of I mm diameter is placed 1350mm 
downstream .from the bell-mouth . The outl et section consists of one tapered and 
one straight duct. The tapered duct was designed to accelerate the fl ow at the 
outl et 10 reduce the possibility of flow separati on in the exhaust duct which could 
affect the fl ow stability in the working section (The exit/ inlet area in the exhaust 
duct is 0.7S). 
In the secondary circuit, also shown in Figure (2. 1-2), the air fl ows through a 
calibrated bell mouth and enters a 139mm d iameter pipe, prior to passing through 
a metal gauze and honeycomb straightener before entering the secondary plenum. 
The metal gauze was used to reduce the "jetting" effect as the flow passes from 
the pipe into the secondary plenum, so producing a more unifonTI fl ow 
di stribution in the secondary plenum with no large scale flow recirculations. For 
the secondary plenum, the air passes into the test specimen and then enters the 
mainstream fl ow. 
One of the objectives of the study was to examine the effect o f the mainstream 
turbulence magnitude and scale on the cooling effecti veness. Two possible 
approaches were (i) to undel1ake an isothenTIal experiment and introduce a tracer 
gas or (ii) to introduce a temperature di fference between the two air streams. The 
f0l111er approach was adopted here for the fo llowing reasons: 
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i) the effect of mainstream turbulence could be studied in the absence of 
density ratio effects, temperature dependent gas properties etc. As a 
result, the effect of the turbulence could be captured (and modelled) 
under a simplified condition. If required, at a later stage, the 
temperature ratio effect could be added. 
ii) the signifi cant cost reduction (e .g. no heater required) and the benefit 
associated with the instrumentation techniques that could be used 
within an isothetmal experiment. 
Honeycomb 
Metal gauze 
Throttling 
mechanism 
Calibrated bell 
mouth 
Secondary flow i 
Trip wire 
Honeycomb 
Metal gauze 
Honeycomb 
Filter cloth 
Metal gauze 
/r$=. ~=====$, ~ 
Throttling ~ 
mechanism Mainstream flow 
Figure 2.1-2 Throttling and Air flow Conditioning Systems 
Since the rig is operating at isothennal conditions, the material used for the ri g is 
perplex (or Acrylic). This was chosen mainly because it provides excellent optical 
access to the working section. This is significant when using any non-intrusive 
instrumentation (e.g. PlY). 
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2.2 Test Specimens 
Two different test specimens are investigated in thi s study, namely a single and 
doub le skin system. Both test specimens have been scaled from infonllation 
provided by Rolls-Royce plc Menzies (200 1) and Spooner (200 1) respect ively. 
Note that the single and double sk in systems were from comparable size engines 
with similar cooling requirements. In other words, they represent a direct 
comparison between a doub le and single skin system that could be potentially be 
used for a specific engine app lication. Note that, within a combustor no two bays 
(or tiles) are identical. However, during the design and scaling process similar 
bays were chosen for the single and double sk in systems, these being broadly 
typical of the range of geometry encountered along the flame tube liner. 
2.2. 1 Terms and nomenclature 
Tel111S and nomenclature used in the proceeding chapters of the thesis wi ll be 
defined in thi s section. Although the rig is operating under isothenllal conditions, 
the flow simulati ng that of the combustor coolant is still tenlled coolant flow 
(which passes through the coolant circuit and cooling specimens). Alternati vely, 
the flow passing over the coolant specimen and into which the coolant is 
introduced is tel111ed the mainstream as shown in Figure (2.2-1 ). Obviously, in a 
gas turbine engine thi s mainstream flow represents the hot gases from which the 
liner is protected by the coolant film . 
Figure (2.2-2a) and (2.2-2b) shows the bay of the single skin system and the main 
tile of the double system respectively. The slot height H, is defined as the di stance 
from the surface of the inner lip to the cooling surface and therefore excludes the 
thickness of the lip (t) which is also shown in Figure (2.2-2) . The length of the 
ti lelbay is defined as the di stance from the slot exit to the trai ling edge of the 
tilelbay. In the double skin system, the diameter of the pedestal is defined as d and 
the pedestals pitch is p. The coordinate system utili ses the conventional 
orthogonal system in which the x direction is aligned along the axis of the coolant 
specimen and is in the direction of the mainstream flow, whi lst the y and z 
directions are n0I111al to and parallel with the liner surface as shown in Figure 
(2.2-7) . 
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2.2-2 Nomenclature for the test specimens 
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2.2.2 Single Skin Cooling System 
The single skin cooling system has, until recently been the choice for cooling the 
liner in many aero-engines due to ease of manufacturing and low weight. Figure 
(2.2-3) shows a typical bay of a single skin fl ame tube liner. The fl ame tube 
consists of several such bays with each bay containing a row of machined-rings at 
the leading edge of the bay and, potenti all y, two or more staggered rows of 
effusion holes. On the hot side of the combustor it is typ ical to have a slot with the 
lip angled toward the liner so as to : 
i) fonn a mixing plenum to reduce the three dimensional effect of the 
di screte jets fonned by the holes in the machined rings and 
ii ) increase the momentum of the coolant film adjacent to the liner 
surface. 
With in an engine the coolant suppli ed by the compresso r flows ex ternall y along 
the liner wall and enters the combustor chamber via the machined ring. As 
described in Chapter I thi s coolant then fonns a protective cooling film between 
the liner and hot mainstream gases. Likewise it has also been noted how an 
effusion patch can be introduced to re-energise the film at some location 
downstream of the slot and help restore the cooling film towards the rear of the 
bay. Figure (2 .2-4) shows the 10 times scaled up specimen of the single skin 
system, which will be used in the study. The specimen consists of three bays 
(namely Bay I, Bay 2 and Bay3) whi ch incorporate various machined ring cooling 
slots and effusion patches. 
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Mixing 
Plenum 
Effusion 
patch 
Machine ling 
hole 
Figure 2.2-3 Typical single skin combustor liner 
The holes within the machined cooling rings are spaced circumferentially across 
the test section with a pitch to diameter ratio of 1.6. The diameter of the effusion 
hole is 0.24H (where H is the cool ing slot exit height) whilst the machine ring 
hole is 0.64H . The lead ing edge of the I Sl row of effusion holes is approximately 
at xlL = 0.145 downstream from the slot exit and the pitch to diameter of the 
effusion holes is 6. The second row of effusion hole is 12DelTusion downstream of 
the first row. The length of the main test bay (L) is 17.1 H from the slot exit to the 
end of the tile. 
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(b) Schematic drawing of the single skin specimen in the test rig 
Figure 2.2-4 Single skin cooling specimen 
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2.2.3 Double Skin Cooling System 
More recently for low emission combustors, where the amount of coolant flow is 
limited, a double skin cooling system has been considered. As the name suggests, 
it consists of two skins (namely a I SI sk in and 2nd skin) and between these skins 
are aITays of pedestals as shown in Figure (2.2-5). The coolant air from the 
compressor enters the til es via feed holes in the I SI skin . For the geometry 
investi gated here the flow then divides so as to flow upstream or downstream in 
the channel fo nned by the I SI and 2nd sk ins. The coolant must also pass around 
pedestals located between the sk ins before eventuall y mixing with the fl ow from 
the adjacent tiles to fonn a cooling fi lm. 
2nd Ski n 
Feed holes \ , 
Cooling slot 
~ Pedestal 
Effusion patch 
Figure 2.2-5 Flow path of a double skin cooling system 
The pedestals help to increase the surface area so as to enhance the removal of 
heat from the 2nd skin. An effusion patch consisting of two staggered rows of 
holes is also introduced at the mid-point of the til e to help re-energise the cooling 
film . An example of a 2nd skin cooling tile but without effusion patch, can be seen 
in Figure (2.2-6) . Figure (2.2-7) shows the 10 times fu ll size main cooling tile that 
was manufactured. The test section consisted of a main tile and two dummy til es, 
which simulate the presence of an upstream and downstream til e. In thi s way the 
mixing of the coolant that occurs at each end of the ti le, with the fl ow from 
adjacent tiles, can be simul ated. The main til e consists of 15 rows of pedestals in 
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tota l and an effusion patch, which has two rows of effusion holes in a staggered 
manner. The downstream dummy til e consists of 8 rows of pedesta ls and an 
effusion patch while the upstream consists of 7 rows of pedestals. Note that for 
reasons to be subsequently explained the downstream and upstream dummy til es 
rep licate the front and rear halves of the main til e geometry. 
Port 
Pedestals 
Figure 2.2-6 Typical double ski n combustor liner (2nd skin) - (Denman private 
communication) 
The pitch between two pedestals is 2d whil st the pitch between each row of 
pedestals is 1.73d. The effusion holes have a pitch of 20 ,fTus;on and the pi tch 
between the two effusion rows is 4.26DcfTus;on. The diameter of each effusion hole 
is O.4H (where H is the slot ex it of the cooling tile). Like the pedestal arrays, the 
two rows of effusion holes are alTanged in a staggered fo rmation. The length of 
the mai n til e (L) is 14.4H. 
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(a) Picture of the manufactured double skin specimen 
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(b) Schematic drawing of the double skin specimen in the test rig 
Figure 2.2-7 Double skin coo ling specimen 
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2.3 Test programmes 
This section will di scuss the different test configurat ions that wi ll be applied to 
both the single and double skin systems. One key area of interest is to study the 
break-up mechanism of the cooling film. For example, as discussed in Chapter I 
the predicted rate at which a coolant fi lm breaks up is typica ll y slower than that 
observed experimentall y. Although inappropriate boundary conditions maybe a 
possible cause, other potential causes such as the impact of the combustor 
mainstream flow conditions could have a significant impact on the film 
degradation process. Two particular characteristics are considered here. 
(i) Mean velocity profile The exact mean velocity flow field within a 
combustor is usually unknown and , for thi s reason, the mainstream 
flow is often characterised by a spatially averaged mean value. 
However, workers such as Bicen et al (1985) rep0I1ed that the 
mainstream veloci ty profi les are highl y sheared with low velocities on 
the combustor centreline as shown in Figure (2.3 -1 ). Griffiths (2000) 
also reported thi s wi th the measurement suggesting that the velocities 
in the vicinity of the liner can be of order 4 times the spatial mean 
value. In reality, a highly sheared profile can exist in which high 
momentum mainstream gas is located adjacent to the cooling film . In 
addition, such a highly sheared profile is likely to give rise to high 
levels of turbulence. 
(ii) Turbulence intensity and scales In a combustor, the mainstream 
turbulence intensity and the scale of the turbulence may also have a 
significant impact on the fi lm development. As mentioned earli er in 
Section 1.5, Sturgess et al (1977) suggested that coolant films are 
much smaller in relation to features such as the fuel injector or the 
mixing jets which are mainly responsible for the generation of 
turbulence. 
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Based on thi s, a seri es of mainstream turbulence test conditions were defined so as 
to simulate the aerodynamic features typical of those fo und within a combustor 
and thereby asses the coolant film sensitivity to these features. In addition, it is 
also the desire of this study to simulate these features using a simplifi ed geometry 
that can be captured relati vely easi ly in numeri cal studies. 
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Figure 2.3 -1 Mean and r. m.S axial velocity profi les. - (Bicen et al 1985) 
2.3.1 Low mainstream turbulence (Datum) 
[n this test programme, the mainstream turbulence is set to approximate ly I % and 
the mainstream inlet velocity profil e is unifon11 . This is provided as a baseline 
case, which would be used for comparison with the other operating conditions. [n 
addition the effect of, for example, the effusion patch can be investi gated. Thi s is 
done simply by compari ng resul ts both with and without the effusion patch. To 
save cost and time, the latter is simulated by blanking the effusion patch so that no 
coolant fl ow can fl ow through it. This was achieved by taping over the effusion 
holes which also ensured a relatively smooth surface fo r the coolant fi lm to pass 
over. 
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2.3.2 High mainstream turbulence 
As mentioned earli er the fl ow in the combustor chamber is complex. Two 
different test conditions were established in an effort to simulate some of these 
complex aerodynamic features. The first method uses a cylinder in the uniform 
mainstream fl ow whilst the second method will cause the mainstream flow to be 
distorted with the velocity profi le being relatively high in the region adjacent to 
the cooling fi lm. 
2.3.2 .1 With Cylinder 
In a combustor chamber, the impinging jets may generate small turbu lence scales 
on the centreline. However, away fi·om the impingement point (and hence close to 
the liner) the mainstream flow will fl ow around these jets generati ng large 
turbul ent structures. These large structures will pass down the combustor and are 
in close vicinity to the combustor cooling fi lms. Many studies report using grid 
generators to increase the mainstream turbulent intensity; however, the size of the 
eddy in the mainstream is limited and may not be of the COITect relati ve scale to 
accurately simulate that fo und within a combustor chamber. 
In this investigation, an attempt is made to simulate both the high turbulence and a 
representative length scale. A cylinder was introduced upstream of the test section 
wi th its di ameter comparable to that of a primary or secondary port as shown in 
Figure (2.3-2). The cylinder has a diameter 4 times the height of the slot (4H) and 
is located 2 diameters upstream of the slot exi t (xlL= 0.00). Using thi s method 
well defin ed turbulence structures of approx imately the COITect magnitude and 
scale could be created relati vely simply. In add ition, a trip wi re of diameter -
2mm is usuall y wrapped around the cylinder in order to eliminate the shedding 
frequency that might not be seen in the combustor. However, some tasks, the 
cyli nder without thi s tri p were also conducted resulting in the periodic shedding of 
large scale turbulent structure fi·om the cylinder. 
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Cylinder with 
Trip 
Figure 2.3-2 High mainstream turbulence build (With cylinder) 
2.3.2.2 With distorted inlet velocity profile 
It has been shown that the velocity profil e in the combustor cham ber is non-
uni fo nn. Gtittihs (2000) stated that the velocity near the wall could be as much as 
4 times the mean value and thi s was also repotted by Spooner (2003). However, in 
most expetimental work reported , the mainstream velocity profile over the test 
specimen tends to be unifonn. Thus, attempts were made to simulate a di storted 
mainstream profile biased towards the cooling film as shown in Figure (2 .3 -3). 
Variation of the mainstream inlet velocity profile can be achieved by blocking off 
parts of the upstream flow conditioning system shown in Figure (2.3-3). This is 
done by blanking the perforated plate hence forcing the mainstream flow towards 
the cooling slot. Inevitably the highly sheared velocity profile will generate 
relati vely large turbulence levels and scales of turbulence. However, thi s again is 
thought representati ve of the flow features found within a combustor chamber. 
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Distorted inlet 
velocity profil e 
a) Typical velocity profil e in a combusti on chamber 
b) Position of the Velocity pro fil e generator 
Figure 2.3-3 High mainstream turbulence build (With di storted inlet velocity) 
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2.4 Overall rig operating conditions 
As mentioned in the general review, a vari ety of different scaling parameters can 
be used the relevance of which depends on the type of flow fields being studied, 
and based on the data presented in the open literature, the blowing ratio was used 
as the relevant scaling factor. This is due to: 
(i) the coolant film should rema1l1 attached to the surface along the 
length of the tile (or bay) 
(ii) the momentum of the effusion fl ow relati ve to the coolant film is 
also likely to result in the effusion cooling remaining attached to 
the surface. This will subsequently be confinned by the 
experimental measurements. 
For these reasons the blowing ratio was used to scale between the engine and rig 
operating conditions since, as outlined in section 1.5.4, thi s appears to give the 
best correlation when the coolant is attached to the surface . In addition it was also 
noted that at high turbulence intensity (- 20%) the blowing ratio also sca led much 
better than say, velocity ratio. However, although blowing ratio is to be used as 
the main scaling parameter it is worth considering and comparing the vari ous 
other possible scaling factors. 
For a given engine as stated by Spooner (200 I), the blowing ratio at the cooling 
I · . I I fi h d bl kO . P cooltllltU coo/all/ I I S ot IS approximate y or t e ou e s 111 system I. e. --'--==~-- = , w lere 
P HO! Gas U flol Gas 
U /10/ C<u is the mean velocity across the depth of the fl ame tube, and U c~lm" is the 
mean velocity across the slot height. With the density ratio at the engine take off 
condition being approximately 2, i.e. P coolnll/ '" 2 (assuming the temperature of 
P Ho, Gas 
the coolant to be SOOK and the mai nstream gas to be 2000K), the corresponding 
velocity ratio will be 0.5, i.e. U coo/ani 
U /-{OI Gas 
= 0.5 or a momentum ratio of 
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- , 
P coolant U coolant 
Pi lot Gas U ~I o t Gas 0.5 . However, In the current study with the n g runmng at 
isothennal condition i.e. P coo!am = I , and m aintaining a blowing rati o of 1.0, the 
PHQ/ Gas 
corresponding velocity ratio will be 1.0 (rather than 0.5) and the momentum ratio 
will be 1.0. 
Blowing Ratio 
M 
Table 2.4- 1 
Density Rati o 
OR 
2 
Velocity Rati o 
VR 
0.5 
Momentum Ratio 
0.5 
Summary of the operating condi tions with varying density rati o. 
Air is drawn to the test facility at atmospheri c conditions and the nominal 
operating conditions for the facili ty are based on the double skin system with no 
effus ion. The Reynolds number of the fl ow through the til e was set to match 
typical engine take off conditions so that flow structures passi ng through the til e 
and issuing fi·o m the cooling slots are representati ve to that of an engine. The 
Reynolds number of the coolant flow at the slo t exit was approx imately 2x I 04 . 
Based on a blowing ratio of 1.0 (double skin with no effusion case), this gives a 
mean mainstream velocity of approx imately - 12m/s. By maintaining the 
mainstream velocity at 12m!s ( ± 1% ), the velocity ratio (and hence blowing 
ratio) will be equal to unity as the bulk velocity exiting the slot is 12 tnls with no 
effus ion patch. To evaluate the impact of the effusion patch, the overall massfl ow 
through the til e is kept constant. In thi s way a compari son can be made of the 
perfonnance, with and without effusion for the same level of coo lant fl ow . 
However, the velocity from the slot ex it will be lower since some of the flow will 
be ex iting through the effusion patch. This indicates a reduction in the effective 
blowing rati o at the slot exit when the effusion fl ow is introduced. 
In the single skin system, two modes of operati on were utili sed which pennitted 
compan son with the double skin system, namel y "Constant pressure" and 
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"Constant massflow". In the constant pressure mode, the pressure drop across the 
single skin is maintained at the same value as that of the double skin system . This 
is to simulate the operation of a combustor at the same liner pressure drop i.e. thi s 
is to allow comparison between the two cooling systems directl y. Not 
surprisingly, as the effective area of the single skin is higher relati ve to the doub le 
skin system, so the coolant massflow through the single skin will be greater than 
that of the double skin at thi s constant pressure condition. This is a characteri stic 
of the cooling systems and is why the double skin system may be used in future 
generation low emiss ion engi nes (since it requires less coolant for a given cooling 
load, thus more coolant is avai lable to take part in the combustor process. ). 
However, for investigative purposes a constant massflow mode of operation was 
also employed. In this case the massflow across the single skin system is 
maintained as the same level as that fo r the double skin system. In thi s way, the 
perf0l111anCe of the single and doub le skin systems can be compared for the same 
massflow. In the constant massflow condition obvious ly the pressure drop across 
the single skin wi ll not be comparable with the doub le skin system. 
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2.5 C ommissioning of the test rig 
At the start of the project, it was decided that the double skin system wo uld be 
investigated first before the single skin system. This was mainly due to the 
complex ity of the commissioni ng and setup of thi s configurati on. It was fe lt that if 
thi s system could be successfull y set up and operated then there should be no 
problem in operating the single system. The fo llowing two sections will describe 
the commissioni ng stage of the system statt ing with the double skin system. 
2.5.1 Double Skjn Cooling System 
For the doub le sk in configurat ion it is important to ensure that the flow interaction 
with the adjacent tiles is correctl y replicated. In thi s case attempts were made to 
simulate the in teracti ons that wo uld occur if the main til e was sU lTounded by ti les 
of similar geometry. In order fo r th is to achieved, two conditions must be met to 
ensure the correct distribution of fl ow within the ri g. Firstly, the summation of the 
dummy tile flows should equal the mass fl ow through the main til e. Secondl y, the 
mass flow through the I sI slot and the effusion patch should be equal to that 
through the 2nd slot and effusion patch as shown in Figure (2.5-1 ). In other words, 
Equati ons 2.5-1 and 2.5-2 must be sati sfied. When the effusion patch is not used, 
then Equation 2.5-2 can be reduced to Equati on 2.5-3 . 
m s2 
Figure 2.5- 1 Double skin system configuration 
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Equation 2.5 -1 
Equation 2.5-2 
Equation 2.5-3 
The fi rst task was to design a metering device on the dummy til es which also 
allowed the fl ow entering each dummy til e to be measured (Indl and li1d2). Several 
designs were proposed and eventuall y a miniature meteri ng device was designed, 
which incorporates a bell -mouth , as shown in Figure (2.5-2). The bell -mouth has a 
static tapping I diameter downstream of the inlet and , together wi th the secondary 
plenum total pressure, allowed the massfl ow entering each dummy tile to be 
calculated. Note that thi s was initiall y ca librated by blanking off the mai n til e 
(In T) and compari ng the mass flow measured using this system with that of the 
measured mass fl ow entering the secondary circuit. Assuming a Cd = 1.00 (i.e. 
using the geometrical area of the measuring dev ice) the total mass fl ow deri ved 
from the measuring devices through the tiles was within I % of the calibrated inlet 
massfl ow of 1%. 
Static tapping +-- -tt--ir- -
Disc 
(a) Metering device (b) Disc 
Figure 2.5-2 Feed hole metering device 
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At the other end of the tube is located a meta l disc. The purpose of the di sc is to 
act as a throttling system to regulate the amount of flow entering each dummy tile. 
As the flow in the upstream dummy tile (rn d l ) is not equal to the downstream 
dummy ti le (In d2 ), the size of each disc w ill vary between the two dummy ti les. 
Note that measurements were conducted to ensure that the flow passing through 
the d isc did not affect the upstream (bell-mouth) static pressure measurement. 
Th is was also confimled by the good agreement between the miniature bell-mouth 
and secondary circu it massflow measurement prev iously described. 
Several different methodologies were used to size the disc diameter; however the 
best approach was to vary the di sc sizes until the static pressures at each end of the 
main tile balance as shown in Figure (2 .5-3) (i.e. Pa = Pb) . This was fUl1her 
substantiated by measurements of the velocity profile issu ing from slot I and 2. 
To get the slot mass flow to balance, the di sc in the dummy tile was varied using 
an iteration process i.e. best estimate, take measurement and assess whether to 
increase or decrease the size. The next task was to ensure that Equation (2.5- 1) is 
true. By measuring the mass flow at the inlet of the secondary circuit and the 
dummy tiles, the mass flow of the dummy tiles should be half of the massflow at 
the inlet. The results show an agreement with a variation of within ± 2% in 
massflow . Only at this stage, the secondalY circuit can be said to be balanced . 
Finally, the throttle plate in the mainstream circuit was adj usted to get the pressure 
drop required in the test. At this stage, the rig is balanced. 
1 1 
-1l'<II If 
.0..P 1st skin ---.~ 
",p P
b
\ 
Pa~ I : " " "I 
r~" " '11" " " 'l'//////////: /////,0 1 Y'////////////A1lu L 
~ ~ 
''F' 
1 1 1 1 1 1 1 i 1 ""0 
Figure 2.5-3 Location of the static tapping across the coo ling til e 
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2.5.2 Single Skin Cooling System 
The setting up process for the single skin system was much simpler than the 
double skin because there is no flow split requirement as in the fo nner 
configuration i.e. the effective area of the machined rings and effusion patch 
di ctates the flow split and therefore requires no additional adjustment. As the flow 
through the liner is pl enum fed, an ass umption made is that the flow through the 
2nd bay is the same as the 3'd bay. 
The single sk in and double sk in systems were compared at two operating 
conditions: 
I) The pressure drop across the single skin was kept the same as for 
the double skin system. By doing so, the massflow will increase 
signi fi cantl y. 
2) The mass flow through the s ing le skin was maintained at the same 
level as the double skin system. By doing so, the pressure drop 
across the skin wil l be much lower than the doubl e sk in system. 
The first condition compares the perfonnance of each cooling system for a 
comparable pressure drop. The second operating condition compares the 
perfonnance of the system for the same coolant massflow. To set the rig to one of 
these conditions, the approach is to vary th e fan speed and the throttle position to 
match the required operating condition. 
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2.6 Area of measurement 
The area of most interest in thi s study is the fl ow development along the cooled 
surface. Hence measurements could be made at numerous ax ial (xlL) locati ons. 
As part of the initial commissioning stage, measurements were undertaken at up to 
9 traverses along the main cooling tile as shown in Figure (2.6-1). However it is 
not practi ca l to undet1ake thi s number of measurements for every configurati on 
due to time constrai nt, thus for each configurati on a datum set of 4 axial planes 
were taken as defined in Figure (2.6-2) for the double skin and Figure (2 .6-3) for 
the single skin system. The 4 measurement planes are at slot exit, before the 
e ffusion patch, mid point between the last row o f effusion patch holes and the 
trailing edge, and the trailing edge of the tile or bay. 
x/L 
x/L 
x/L 
x/ L 
x/L 
x /L 
x /L 
x /L 
x /L 
= 
= 
= 
= 
0.00 
0.03 
0.06 
0.12 
0.24----' 
x /L 
'-------- X I L 
~----x/L 
'--------- X I L 
Figure 2.6-1 Initial measurement planes 
1.00 
0.84 
0.47 
0.36 
J-m -"" ...... I f.llIlllllll Repeatable sector 
%~o::lllr-z/ cl = 0.00 
z/ cI = 1.00 
0.00 
0.4 7 
0.84 ~imi~I~=z/ cl = 1.50 / I  2.0  z/cI = 3.00 
1.00 
Figure 2.6-2 Experiment measurement planes (Double skin system) 
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sector 
z/d = 0.00 
x/L = 0.00- z/d = 0.45 
x/L = 0.13- z/d = 1.10 
x/L = 0.67 z/d = 1.25 
x/L = 1.00 
Figure 2.6-3 Experiment measurement planes (Single skin system) 
Note that as the effusion patch is introduced at di fferent axial locations for both 
systems, so the ax ial locations of the measurement planes vary rel ati ve to the til e. 
The di stance-traversed nonnal to the 'cooled ' surface (y/L) can include the entire 
mai nstream duct, but is typicall y limited to the coolant flow region and a 
reasonabl e portion of the mainstream flow outside of th is region (at least 50% of 
the duct depth) . Lastly, the lateral di stance over which the measurements are made 
corresponds to the minimum geometri cally repeatable sector of the cooling 
system. In the double skin system, a repeatab le sector is defined as the area 
between two feed holes whilst the single skin is defi ned as the area between two 
effusion holes as shown in Figure (2.6-2) and (2.6-3) respecti vely. 
2.6.1 Traversing mechanism 
Having the area of measurement defined , it is clear that the traversing system will 
have to be able to move in all 3 (x, y and z)-directi ons. For a given experimental 
run, once the traverse is set to the desired x-directi on location, i.e. one of the 4 
ax ial plane locations, movement is only required in the other 2 directions during a 
given test set. Figure (2.6-4) shows the method of positioning the probe in the x-
axis. A window is cut fro m the wall and replaced by a [mm thin plastic sheet. 
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Probe access 
Window 
Imm Thin 
plasti c sheet . , 
x 
Figure 2.6-4 Method of positioning the probe at x-ax is. 
Plastic 
sheet 
motion 
The plasti c sheet is secured to the fro nt panel of the rig by duct tape. The diffe rent 
x-planes are all marked at the surface of the wal l and the accuracy of position ing 
the probe in the x-direction is within ±2mm. A linear guide is also used to ensure 
that the probe is perpendicular to the flow. 
Figure (2.6-5) shows the traversing mechanism fo r dri ving both the y and z-axes . 
It can be used to traverse all the probes (such as the hot-wire probe, CO2 probe 
etc) that wi ll be used in the project. The y-ax is is dri ven by a single stepper motor 
while a manual li near traverse is used to traverse the z-d irection. The stepper 
motor used in this experi ment is a Mclennan L922 11-P2 stepper motor with a 
180mm linear thread. A motor dri ver (M ID-7604) uni t from National Instrument 
is used to dri ve the stepper motor. This dri ver has the ability to dri ve up to 4 
motors at anyone time, connected to the PC through the PCI-card (PCI 7433). 
The positional accuracy of the traversing mechanism in the y-ax is is :l:0.025mm. A 
manual linear traversing system is incOlllorated into the traversing mechani sm to 
allow the z-ax is moti on as shown in Figure (2.6-5) . A linear call iper is used to 
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provide the relati ve position of the probe in the rig and has an accuracy of 
±O.OI mm. 
.~ 0 J 
OUOO 
000 0 o 0 0 o 0 0 o 0 
0 
~ 
y 
z 
( I) McLennan L922 1 I-P2 stepper motor 
(2) Linear thread 
(3) Probe 
(4) Linear call iper to measure the distance in the z-axis 
(5) Knob to position the probe in the z-axis 
(6) Access fo r the bolts to secure the traversing 
mechanism to the fi·ont panel of the rig. 
Figure 2.6-5 Traversing mechanism for the y and z-axes. 
X 
x 
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Chapter 3 Instrumentation and Data Acquisition 
This test faci lity was designed with the intention of having the capabi lity to carry 
out both flowfield and surface measurement aspects of the cooling fi lm being 
studied . The flowfield measurement would include both the mean time averaged 
flow and instantaneous flow data. Surface measurement would include the (time 
averaged) cooling fi lm effectiveness along the surface of the tile. Although not 
included in thi s thesis some surface heat transfer measurements were also 
obtained. 
In order to obtain the measurements, several different measurement techniques 
were used. Initial flow measurements of mean properties were carried out using a 
relatively simple pitot probe. A single nonnal (SN) hot-wire probe was then used 
to measure the mean and instantaneous velocity fluctuation. The PlY was also 
used to provide (i) a 2-dimensional flow vector in the plane of measurement rather 
than the hot-wire which cannot resolve velocity components and (ii) a planar 
rather than a point measurement technique so that spatial correlation information 
can be obtained (i .e. spatial con'elation of the data in the plane of measurement) . 
In addition, the concentration profi les nonnal to the surface wi ll demonstrate the 
mixing rate between the two streams. This chapter will present the principles of 
operation of each instrument mentioned above, the setting up procedure and data 
acquisition process. Finally, the experimental uncertainty of each instrument wi ll 
also be di scussed. 
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3.1 Pneumatic probe and static tube 
The pitot probe is used to measure total pressure (also known as the stagnation 
pressure) in the flow Figure (3. 1-1 ). This can be combined with a local static 
tapping drilled perpendicular to the surface of the rig. If gradients in static 
pressure are negligible then thi s measurement enables the static pressure at the 
pitot probe to be determined. 
Figure 3.1-1 Example of in-house made pneumatic! Pitot probes. 
With a known static pressure, the dynamic pressure can be deri ved from 
Bemoulli 's equation for steady state incompressible flow; therefore, the velocity 
of the flow can be calculated as outlined in the fo llowing Equations 3. 1-1 and 3. 1-
2: 
I P = p + _ pv 2 
2 
Equation 3.1-1 
L-_____________________________________________________________ __ 
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v = P(p ~ p ) Equation 3.1-2 
Bradshaw ( 197 1) stated that in order fo r these probes to measure turbulent flow, 
the velocity of the fl ow should not change appreciably over a distance of the order 
of the tube di ameter or a time of the order of diU. He also stated that the probe is 
insensitive to yaw angles of up to ± 15' . 
3.1.1 Data acquisition 
In this study, a stainless steel tube of 1.47mm outer di ameter (OD) with 1. 11 mm 
inner di ameter (ID) is bent into an "L" shape so that the opening of the probe is 
nonnal to the flow direction. One end of the probe is connected to a differenti al 
pressure transducer, which in tum is connected to the data acquisition system as 
shown in Figure (3.1-2). As mentioned earli er, one end of the di fferential pressure 
transducer is connected to the probe and the other is connected to a reference 
pressure (i.e. loca l static pressure or the atmosphere), the measured pressure 
differential is then converted into a voltage signal by a transducer. There are many 
di fferent ranges of transducer that can be used depending on the pressure 
di fferential being measured i.e. 25mmH 20 , 100mmH20 , 350mmH20 and 
500mmH20. In thi s experiment, three different sets of transducer were used to 
measure the pressure drop in the ri g. For measurements in the mainstream regions, 
a 25mmH20 transducer was used whil st a I 00mmH 20 was used in the slot region. 
In this way, the transducer range could be matched to the pressure di fferential 
being measured. Before any of the transducers are used they were calibrated in-
house. The transducer then sends the voltage signal to the data acquisition system. 
The data acquisition system used in thi s experiment is fro m National Instruments. 
Figure (3.1-2) shows the experimental layout fo r the pneumati c measurement. The 
probe together with the traversing mechanism will be positioned at the required 
location in the ri g. The transducer is connected to the NI module SCXI I 125 via 
SCXI 1305 ex temal BNC teIl11inal. When the ri g is running, the pressure 
transducer will send a voltage to the signal-condition ing unit, which will then 
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convert thi s analogue signal to a digi tal value via an AID convel10r. T his signal 
will then be transmitted through the PCI 6034E and logged by the computer. The 
sampl ing time is set to 10 seconds at a sampling rate of I KHz. This was 
detennined by sampling the fl ow at various times, (4 secs, 6 secs, 8 secs, IOsecs, 
12 secs and 16 secs) at a sampling rate of I Khz and it was concluded that a IOsecs 
sampling time is sufficient for the time averaged data in this study. 
I'robe 
." 
'K' Type thcnl1ocoupk 
NI 7604 st~ppcr motor driver 
Pressure Transducer 
Sigllal ill Vol\z);t 
Sit-nal in Voha!;/! 
Connect \0 
PC! 6034E 
Pcrsoonei 
Computer 
(onnecl lo 
I'CI ?H~ 
Figure 3. 1-2 Experimental layout fo r the pneumati c probe measurement. 
A programme written using the Labview software was used to capture the data 
from the pneumati c probe, monitor the rig conditions and control the traversing 
mechanism. A 'K ' type thennocouple was also used to measure the temperature in 
the test rig. This thennocouple is connected to the thennocouple ampl ifier module 
SCX I 111 2 Module, which is connected to the National Instrumentati on signal-
condi tioning unit as shown in Figure (3 .1-2). 
3.1.2 Experimental Uncertainty 
The uncertainties ari sing fro m the total and stati c pressure measurements are due 
to the transducer and the data acquisition system. All transducers were ca librated 
prior to any testing using the Fumess FC05 1 0 Mirco-manometer, which has an 
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accuracy of better than ± 0.05% at 500mmH,O. For example the 350mmH, O 
transducers, the calibration process was do ne by varying and logging the pressure 
in a vessel ranging fro m 0 to 350mmH, O. The analogue vo ltage fro m the 
transducer will be converted into a digital signal via an A DC and the accuracy of 
the ADC is approx imately ± 0. 1 %. Thus, the tota l uncertainty in the cali bration of 
the transducer is approximately ± O. J 5% which fo r a transducer range of 350 
mmH 20 gives an error of order 0.5 mmH,O . 
3.1.3 Data Reduction 
In order to acco unt for changes in ambient conditions from day to day, the ri g was 
operated at a constant mach number (i.e. ~ - constant). Given that the total 
pressures (from the pitot probe) were all measured with respect to the local static 
pressure and the measured di ffe rence is equal to the dynami c pressure of the fl ow. 
Hence 
I , ( P - p) =- pU 
2 
Equati on 3. J -3(a) 
The change in pressure (.6 P) through the test rig is proportional to the dynamic 
head of the fl ow i.e . .6P ex: ~pU ' or Ll.P ex: ~l U'. Now sll1ce the rig is 
2 2 RT 
. h b I U ' . I .6P operatll1g at a constant mac num er t len - IS constant, lence - = constant. 
T P 
Using thi s methodology the data is corrected to a standard day condition 
( .6P ) ( .6P ) - = - = Constant P illeasured P Sld 
Equation 3 .1-5 
Therefore, all pressure read ings are corrected to a standard day condition (Pstd 
= 10 1325 bar, Tstd= 288.15K) so that results obtained on different days can be 
compared with each other. 
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(P - pre/) "" m (P - pre/) " d 
= Equation 3.1-6(a) 
or 
p ( p - . () - (P - pre() x ----"ll-pI ~ s/(/ - . !liens p 
lII ellS 
Equation 3. 1-6(b) 
The total pressure measured from the pitot probe together with the loca l stati c 
pressure from a tapping were used to estimate the dynamic pressure of the flow 
using Equation 3. 1-7, 
P total = q + P static Equati on 3. 1-7 
The dynamic pressure can then be related to the mean velocity by using equati on 
3. 1-8. 
1 2 q = - pU 
2 Equation 3. 1-8 
The corrected total pressure contour plots are made non-dimensional with respect 
to the inlet dynamic pressure, ~ pU ~ r at the location xlL = 0.00 (mainstream 
2 
flow) . 
t.P 
q Equation 3. 1-9 
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3.2 'K' type thermocouple 
The ambient temperature in thi s experiment IS measured by a K-type 
theml0coupJe. The thennocouple is made of two thin wires of Nickel and 
chromium, welded at one end and the other to a connector as shown in Figure 
(3.2-1). The connector can then be plugged into the data acquisition system. The 
connector is connected to the NI SCXI -111 2 thermocouple module. Britchford 
(1998) stated that the en"Or associated with the K type thermocouple is ±O.I 0c. 
The error from the SCXI-ll 12 and the PCI-6034E, quoted from the manufacturer 
is ±O. I I I I m V, which corresponds to about O. I I % at ISoC. Thus, the overall error 
is less than ±O. 1°C. 
Figure 3.2- I Example of the "K"-type thennocouple used in the experiment. 
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3.3 Hot-wire anemometry 
A hot wire anemometer is often used to study turbulent flow. This is partly due to 
its high frequency response and relatively low cost compared to alternative 
systems such as Laser Doppler Anemometer (LOA) or Particle Image 
Yelocimetry (PlY). Much literature is availab le covering the principle of the hot-
wire including, for exampl e, publications by Bernard et al (2002), Bruun ( 1995) 
and Perry ( 1982). However, Bruun (1995) provides a detailed summary of 
practical infonnation. On the other hand, Bernard et al (2002) serves as a good 
introduction to the physics behind thi s instrument . 
The hot-wi re anemometer works on the principle of heat transfer between the wire 
and the fluid to derive the velocity of the flow. The wire is usually heated to a 
temperature much higher than that of the fluid (- 230°C for a typical overheat ratio 
of 1.8). By measuring the rate of heat transfer from the sensor to the fluid , the 
velocity of the flow can be dete1111ined . Consider a finite length of a thin heated 
wire, the govern ing equation for heat transfer can be expressed as a differential 
equation, 
dQ = P - F 
dt 
Equation 3.3-1 
where Q is the rate of change in the internal energy of the sensor, P is the 
electrical input to the sensor and can be represented as P = lE = 12Rw. F is the total 
heat transfer from the sensor and can be expressed as 
Equation 3.3 -2a 
where qc is the heat transfer rate due to convection, qp is the heat transfer due to 
conduction to the supporting prongs and q, is the heat transfer due to the rad iation 
from the sensor. By making the following assumptions: 
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I) qp is small if the ratio of length to diameter of the wire is greater than 
200 and is usuall y accounted for in the calibration process, which will 
be described in section (3.3. 1). 
2) q, is small when compared to qc. 
Equation 3.3-2a can be approx imately reduced to 
Equation 3.3-2b 
Hence, the heat loss is mainly due to the convection between the wire and the 
flu id. As suggested by L.V. King in (19 14), the rel ation between the heat transfer 
and the velocity can be expressed as 
h = A+BU " Eq uation 3.3-3 
where A, Band n are constants deri ved from the calibration process. He also 
proposed that the value for n is about 0.5 for a moderate velocity range of 
Um inlUmax 10-20 although , as already stated, in this case n was deri ved from the 
calibration process. 
Equation 3.3-1 can be reduced futiher for a steady state temperature di stribution 
(i .. e. ~~ = 0) in the sensor hence, 
P= F Equation 3.3-4(a) 
or 
Equation 3.3-4(b) 
or 
Equation 3.3-4(c) 
hence replaci ng h with Equation 3.3-3, Equation 3.3-4(c) wi ll be 
9 1 
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Equation 3.3-5(a) 
or 
Equation 3.3-5(b) 
There are two different types of system; the Constant Cun·ent Anemometer (CCA) 
or the Constant Temperature Anemometer (CTA). In thi s study the Constant 
Tempel1aure Anemometer (CTA) was used, so the discussion will focus on thi s 
system. As the name suggests, the wire of the CT A is maintained at a constant 
temperature (- 230°C) and as the fluid flow passes the wire, heat transfer wi ll take 
place between the wire and the fluid and attempt to reduce the temperature of the 
wire. A feedback amplifer wi ll sense the unbalanced voltage of the Wheatstone 
Bridge therefore increasing the CUITent to balance the bridge and so maintaining 
the probe at constant temperature. 
The hardware that constitutes the Hot-wire anemometry system includes a single 
nomlal (SN) probe from Dantec and the signal conditioni ng from National 
Instruments. An in-house code written in Labview was developed for data 
acquisition and data analysis. Figure (3.3- 1) shows the layout of the Hot-wire 
anemometry system. In this study, the single wire hot-wire probe (SN) (Dantec 
55PII) was used as shown in Figure (3.3-2). The wi re is made of 5llm-diameter 
tungsten with 1.25mm in length, hence giving a lid = 250. A relatively high wire 
temperature is chosen to ensure high velocity sensitivity. However, there is a limit 
to the maximum temperature of the wire can withstand before oxidation begins. 
The manufacturer therefore recommends an overheat ratio R wlRa of 1.8 where 
Rw and Ra is the hot and co ld wire resistance respectively. For a typical co ld wire 
temperature of 3.5 ohms this results in a hot wire resistance of 6.3 ohms and, with 
a temperature coefficient of 0.0036°C-1 this yields a typical wire temperature of 
- 230°C at an air temperature of 20°C. 
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National Instrumentation Signa l 
conditioning r=----+~-F-~ 
... --I; 
56CO I/CIO 
CT A Bridge in 
56N20 Main 
frame 
BNC cable 
~ C(,,=~\ == "'-'i"-' 
Probe Probe suppOJ1 
Figure 3.3-1 Layout of the Hot-wire anemometry system 
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Figure 3.3-2 SN 55P I I Dantec Hot-wire probe 
Personnel 
Computer 
The probe is connected to a Dantec (type 55H2 1) probe support. This probe 
support is connected to the wheatstone-btidge circuit via the BNC cable. The 
Wheatstone circuit used in thi s expetiment is a Dantec 56COI /C IO CTA bridge, 
which is housed in a 56N20 mainframe. The unconditioned signal is then supplied 
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to the National Instrumentional Signal Condi tion ing unit. The signal is connected 
to the SCXI 1143 8-channel programmable Butterworth filters. The program will 
set the filter setting such that the highest frequency of interest that the filter can 
process is hal f of the sampling rate (i.e. the Nyquist frequency). For example, 
sampling at 20 kHz, the maximum frequency is 10kHz and all frequencies above 
10kHz will therefore be attenuated. The output signal from the NI signal 
conditioning unit will then be input into the NI PCI-6034E 16 bi t N I DAQ 
multi function card in the computer. 
3.3.1 Calibration 
Plior to any usage of the hot-wire anemometer, the system has to be calibrated and 
the calibration process can be di vided into two parts, as summarised by Figure 
(3.3-3). The first part measures the resistance of the probe. The resistance of the 
connecting lead Rs and the cabl e (between the probe and anemometer) Rc, can be 
measured by replacing the hot-wire probe with a shorting probe and supplying a 
known vo ltage. By measuling the total resistance (with the hot-wire in place) the 
wire resistance (Ra) can be deduced by subtracting the Rs and Rc components 
from the measured total resistance. With the overheat ratio set to 1.8, the actual 
va lue of Rw can be set using the anemometer bridge circuit. An in-house code 
using quick basic was written for thi s purpose. 
--- -- --- --- -------- --- -------- ---- -------- ----- ------. ---- -------- ----------- ---. , , 
Measure the resistance of the probe (includ ing the wire leads resistance etc) 
Balance the bridge circuit 
, 
, 
, 
,------------ ---- -- - ----------- -------- ---- --------- ------ -- - ---- - - --- ---- ---- --_ . 
Place probe in the wind tunnel 
Measure the wind off voltage 
Measure the vo ltage at di fferent (known) velocity conditions 
Using the least square fit to estimate the unknown parameters, A, Band n 
-------------- -- ------------------ ----- -----------.--.---------------------- --- -, 
Figure 3.3-3 Sequence of ca libration process 
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Once the bridge ci rcuit has been set up, the hot-wire probe will then be placed in a 
purpose built wind tunnel. The wi nd-off vo ltage, Eo, is the vo ltage required to heat 
the wire in the absence of any flow (i.e. wi th no flow passing across the wire) and 
hence with the wi nd tunnel switch off. Subsequent operation of the wind tunnel 
allows a range of velocities (5m/s to 60m/s) to be generated Figure (3 .3-4(a». Air 
is drawn into the wind tunnel through a bell-mouthed intake and working section, 
prior to entering the 0. 19kw centrifugal fa n and being exhausted to atmosphere. 
Along the wind tunnel , two static tappings measure the pressure drop across the 
throat of the tunnel , so that for a given operating condi tion, the velocity of the 
fl ow in the working section can be derived. 
(a) Calibration rig (b) Inlet bell-mouth 
Figure 3.3-4 Hot-wi re ca libration facility 
The wind tunnel produces a unifonll fl ow with low turbulent intensi ty 0[0.5% and 
by varying the velocity of the flow, the hot wire can be exposed to a range of 
velocities and the bridge vo ltage recorded. Using Equation (3.3-5) and with some 
manipulation, Equation (3 .3-6) is obtained which, when suitably plotted, has the 
same characteristics as a straight-line graph. 
Log(£ ' -£~ )=l1 logUe + logB Equation 3.3-6 
\17/ 
y = IIIX + Cons. 
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Using the least squared error fit, the calibration coefficients for the wire can be 
deduced. Figure (3.3-5) demonstrates the straight-line relationship as expressed in 
Equation (3.3-6) . Figure (3.3-6) shows an example of the term (E' - E~ ) against U 
obtained from one of the calibration files and the least square error fit between the 
measured data and the model is better than 99.9%. In other words the error 
between the measured va lue and model is less than 0. 1 %. Once the constants n, B 
and Eo have been detennined, the probe is ready to be used for meas urement. 
2 - -I - - T - - , - - -, - - r - -1- - -, - - r 
-
N 0 
W , 
W 
1.75 
1.5 
1.25 
.3 0.75 
0 .5 
0.25 
o 
__ 1 _ _ .L _ _ 1 __ --l _ _ L __ 1_ _ J _ _ 1 
1 1 1 1 1 1 
__ 1 __ ~ ____ ~ __ L __ 1 __ J 
1 
------------
1 1 1 1 11 
1 11 
- -I - - T - -1- - -, - - _ = 1= = IT - - r 
1 1 1 
- - I - - -t - - 1- - -, .-'- - Gradient = n - 1 
" 1 1 I " 1 
- -I - _ .L - _).~ - --l _ _ L _ _ 1_ - J _ _ I 
I I ........ I I I I I I 
__ 1_ 71- _ _ 1 _ _ ~ _ _ L _ _ 1 __ J __ ! 
I " 1 1 
-,,_f __ .r.- __ 1 _____ !... __ 1 __ ...! __ 1 
" I 1 1 1 1 1 1 1 
0.5 1.5 2 2.5 3 3.5 4 
Log (U) 
Figure 3.3-5 The linear relationship between Log(E ' - E ~ ) to Log (U). 
5 ~----~------__ ------__ ------__ ----__. 
4 
:, 3 
a:J 
tI 
"0 
"i W 2 
1 
1 
1 I 
----+-----+----
I 1 
I I 
I 
----1- - --
1 
1 
I 1 1 
----t--- -T----~----__j----
I I I I 
I I 1 I 
I 1 I 
----,----T--I I Eo" 1.4779 \ V 
I I B =0.7760203 
I 1 n = 0.4792842 I 
----I----T-- Tamb=291 .61K -1----
I I Error, R' z O.99923 I 
I 1 I 
,0 20 30 40 
U(mfs) 50 
Figure 3.3-6 (E' - E~ ) vs velocity obtained from calibration file. (Pll-D5) 
96 
Instrumentation and Data Acquisition 
3.3.2 Data acquisition 
Once calibrated, the probe can be positioned within the mam test facili ty. 
Typicall y the ri g is then tumed on and left to stabilise for 10 minutes. As fl ow 
passes through the rig the heat transfer from the wire will increase and the 
wheatstone-bridge will then try to balance itself and by doing so the voltage E will 
increase in order to maintain the temperature of the wire constant. Figure (3.3 -7) 
illustrates the signal conditioning and the data analysis process. The s ignal from 
the anemometer will first be split into fluctuating (or a.c.) and mea n (or d.c.) 
components by the signal-conditioning unit. Thi s is to improve the measurement 
reso lution of the fl uctuating component. High pass and low pass fil ters will be 
applied to the A.C signal before it is amplified and a high pass filter allows the 
D.C component to be identified. An amplifier is used to boost the AC and DC 
signals so as to prevent any loss of in fo nnati on and to max imise the AID 
resolution. In each case the ga in is set to ensure that the signal range occupies a 
significant portion of, but lies within the +5 to -5 Vo lt ADC range. 
NI-Signal Conditioning System 
F'l\i .... , ocy 
"fIR'INm 
""', 
Com:la""" 
Fl"'""", 
S).; c .. "nc;s 
RooI M"", 5.iu:n 
,', 
Figure 3.3-7 Schematic layo ut of the signal condition process and the data 
analysis process 
Hence, to max imise the AID perfonnance, the gain setting is varied according to 
the fl ow conditions. Both the mean and fluctuating signals then are digiti sed by 
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the AID converter and transmitted to the PCI Card (N I PCI 6034E) in the Pc. The 
gain from the A.C component wi ll then be removed before summing both the A.C 
and the D.C signals. The voltage (E' ) will then be corrected for temperature 
vari ation using Equation (3.3-7) before appl yi ng King's Law. The temperature 
compensation is due to the change in fl ow temperature between the ca l ibration 
condition and the operating condition, (since any change in temperature affects the 
heat transfer between the wire and fl ow). Brunn (1996) mentioned that there are 
few methods to correct for the ambient flui d temperature drift and the easiest to 
impl ement is the analytical- compensation technique. This technique uses a 
temperature sensor to measure the temperature of the flow and then applying 
Equation (3 .3-7), thi s being applicable over a range of ±5°C, to detennine the 
Equation 3.3 -7 
Using thi s corrected wire voltage, the instantaneous velocity of the flow can be 
ca lculated using the simple power law or King's law as stated earli er. Other 
statistical quantiti es such as r.m.s, skewess, fl atness, probability density, auto-
correlation and power spectrum can now be calculated as discussed in subsequent 
sections. 
3.3.3 Probe Traversing 
One of the difficulties was to detennine the relati ve position of the hot-wire probe 
i.e. the position of the probe relati ve to the cooling surface. In this experiment a 
very simple technique was used. The probe is traversed towards the wall in very 
small increments. As the probe moves close to the wall the wind-off vo ltage 
eventually increases. This is because the heat transfer of the wire increases as it 
comes into the proximity of the surface. When the value changes by a signifi cant 
amount (- 60mV), when compared to the datum Eo value, it indicates that the 
probe is vety close to the surface and any futiher increments of the stepper motor 
would results in the wire touching the surface (hence breaking the wire) . This 
technique was used throughout the experiments. [t is thought at thi s point the 
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distance of the probe from the test section surface is approximatel y 0 .05mm (or 
0.2% of the cooling slot height for the double skin and 0.24% of the cooling slot 
height in the case of the single skin). The repeatability of the stepper motor is ± 
0.0254mm. 
The traversing software is incorporated into the main program. A fil e is stored in a 
directory containing the pre-defined traverse pos itions. The traversing program 
searches fo r thi s fi le and reads the pre-defi ned traverse position and calcul ates the 
number of steps needed to reach the target position. The program wi ll then send 
the signal to the NI MID-7604 4-axis stepper motor dri ve, which will suppl y the 
corresponding vo ltage signal to move the motor the required number of steps. 
3.3.4 Experimental Uncertainty 
One di ffi culty was to detemline the wind-off value, Eo during the ca libration 
process. This value can have a signifi cant effect because the velocities measured 
in thi s test are relati vely low. A vari ation of I Om V can have a signifi cant impact 
on the measured velocity (-2%). However, it is worth noting that the method of 
calibration helps reduce thi s source of en·or since the coefficient Band n are 
derived to give the best fi t of the model for a given Eo. 
One shol1coming of a single hot-wire anemometry probe is the failure to detect 
reverse flow. This is due to the rotational symmetry of the sensing e lement as 
stated by Brunn (1 996). Figure (3.3-8) ill ustrates a hot-wire probe measuring a 
one-dimensional flow with a periodic flow reversal. The linearised signal shown 
in Figure (3.3 -8(b)) refl ects a typical rectifi cation of the anemometer signal 
(shaded) when reversal of the flow occurs. Thi s will result in high and low values 
of the mean ( U) and fluctuating (unns) velocities relati ve to that of thei r true 
values. 
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(a ) 
(b) 
E IH'--\A-
.. 
Figure 3.3-8 (a) One-dimensional, reversing-flow fie ld and (b) the cOITesponding 
linearized hot-wire signal. - (Bruun J 996) 
1. 14 
1.12 
1. 10 
j 
.~ 1.08 
~ 
8 
• g 1.06 
• ~ 
,'! 
1.04 
1.02 
Percentage turbulence Intensity 
T urbulence correction factor 
15 
5 
• 
o 
exact correction 
2nd order correction 
R (Frequency of 
occurrence of the reverse 
flow condition) 
Figure 3.3-9 The variation with turbulence intensity of the turbulence correction 
factor for the mean velocity. - (Bruun 1996) 
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Figure (3.3 -9) indicates thi s rectifi cation effect and shows that with Tu <30%, the 
correction factor is less than 4%. However, when the turbulence intensity reaches 
50% the turbulent correction factor can be as high as 12%. When interpreting the 
data in the regions where flow reversal is likely these errors must be considered 
i.e. the mean values will be too high whil st the fluctuating component will be too 
low. 
As will be di scussed in section (3.3.5), the mean velocity components at each 
point are averaged over a number of di screte samples (N) of the instantaneous 
velocities at that point. For example, the num ber of samples taken for each point is 
214 per block, which corresponds to 16384 samples per block and 16 blocks were 
taken' for each point, hence giving a total of 262 144 samples per point. However, 
not all the samples are stati sti call y independent which influences the accu racy of 
the deri ved quantiti es Bailey ( 1997). In other words, multiple samples of the same 
eddy will not contribute to the accuracy of the result since they are not stati sti call y 
independent. This suggests that the samples must be taken at time intervals longer 
than the time for a single eddy to cross the probe. However, in order to capture 
infonnation concerning the iTequency content of the signal the sampling rate has 
to be rel ati vely fast (hence the time interva l between samples are re lati vely small) 
but this means the samples are not stati stica ll y independent. Wllen assessing the 
accuracy of the time-averaged value thi s must therefore be taken into account. 
To assess the number of stati stica ll y independent samples a typical timescale is 
needed. In the low turbulent configuration the measured typical timescale is - 1.5 
milli seconds. The sampling rate is set to 20 kHz, which means it will take 13.1 07 
seconds to sample 262144 samples. Hence, the number of statisti cally independent 
samples is deri ved iTom the total time taken for the sampling process relative to 
the measured time scale multiply by a factor of 2. In the low turbulent case, the 
numbers of independent samples are approximately 8700 whil st in the high 
turbulent case the timescale is about 5 milliseconds, giving approx imately 2600 
stati stically independent samples. 
As the measured velocity component is calculated based on a finite number of 
samples there wil l be a statisti cal en'or. Hence, there will be a difference between 
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the calculated mean velocity and the true value and thi s en'or can be estimated 
using Eq uation (3.3 -8). 
Equation 3.3-8 
where c is the confidence interval of the true mean p, at whi ch the calculated 
mean wi ll lie, Z is a measure of the confi dence that the calcul ated mean lies within 
±s of the true mean and er is the square root of the s ignal vari ance. As an 
example, assuming 99% confidence level, the corresponding z -value is 2.576. In 
the low turbulence case, the nns velocities in the mainstream were found to be I 
m/s (hence er = I) and there are 8738 statistica l independent samples (N). Thus 
insel1ing these values into equation 3.3 -8, 
zcr 2.576 x 1 
c - -- - ±0.03m / s 
- IN - 8738° 5 
It is indicated that the measured mean velocities li e between ±0.03m/s of the true 
mean velocity. Likewise, for the high mainstream turbulence case the measured 
mean velocities lie between ±0.25m/s of the true mean velocity. 
c = zcy = 2.576 x 5 = ±0.2Sm l s 
IN 262 1°5 
Similarly the statistical uncertainty of the measured nonnal stress and hence the 
r.m .S of the velocity can be evaluated by the use of the chi-squared di stribution as 
described, fo r example, by Kreyszig ( 1999). With a confidence level of 99%, 
Equati ons (3.3 -9) and (3.3 -1 0) can be evaluated using the chi-squared di stribution 
tables. 
I 
F(c,) = - (I +y) 
2 
I 
F(c, ) = 2(I -y) 
Equation 3.3-9 
Equation 3.3 -1 0 
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After obtaining the two parameters, C l and C2 from the table, the confidence limits, 
kl and k2 can be assessed by equations 3.3 -11 and -1 2. 
Equati on 3.3-11 
k _ (N - 1)0- ' 
, - Equation 3.3-1 2 
c2 
For the low mainstream turbulence case the r.1Il .S velocities are therefore 
estimated to be within ± 1.8% (with 99% confidence), whilst for the high 
turbulence mainstream case the r.lIl .s velocities are within ± 3.3%. 
3.3.5 Data Reduction 
Once the raw data is cOlTected and converted from the vo ltage to a velocity signal, 
the data processing using some stati sti cal tools is calTied out as illustrated in 
Figure (3.3-10). The data processing is incorporated into the same piece of code as 
the hot-wire data acquisition system. 
u 
u > ---<..-, __ ---j Statistica l 
Tools 
Frequency 
spectrum 
Flatness 
Skcwllcss 
Rool mean square 
Power Spectrum dens ity 
> -r-----+-- Time scale 
Auto Correlation Local Length scale 
Velocity 
2nd channel --'-~~~J 
Cross Correlation 
Figure 3.3-10 Illustrati on of the data reduction process 
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The instantaneous velocity can be expressed as the sum of the mean component 
and the fl uctuating component, 
U; = U + u Equation 3.3-13 
The time averaged mean and turbulent quantities presented are based on an 
average of the relevan t digiti sed signal that consists of N samples. In the case of 
the mean velocity for example: 
_ I N 
U= - "U 
N '7' ' Equation 3.3-14 
using Equation 3.3-13 , the fluctuating component can be expressed as 
Equation 3.3- 15 
and the root mean square (r.m.s) can be expressed as 
_ ~ ur2 ( 
N )0.5 
U m1s - N ~ Equation 3.3-16 
One parameter used in the study of turbulent flow is the Turbulence Intensity (Tu) 
and is expressed as the ratio of the local r.m.s and mean velocities i. e. 
Tu = unns 
U 
Equation 3.3- 17a 
Equation 3.3 -1 7a can also be expressed as a percentage 
Tu(%) = u "''' * 100 
U 
Equation 3.3-17b 
Using a flat plate as an example, the intensity tends to increase as it approaches 
the wall until the probe enters in the laminar sub-layer Bradshaw ( 1971). This is 
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due to the turbulence generated within the boundary layer associated with the 
shearing velocity profi le. Likewise, in the case of a cylinder the turbulence in the 
wake will be higher when compared to the flow in the free stream region or the 
region upstream of the cylinder. Another example is the work reported by Bicen et 
al 1985, in Figure (2 .3-1 ), the turbulent intensi ty is higher in the region where the 
two fl ows,(i.e. the mainstream and jets mix). This is because of the velocity 
difference between the two fl ows which will generate turbulence that resul ts in a 
turbulent intensity increase. 
Another statistical tool used in studying flow structure are the correlation 
functions. Correlation can be defined as the general dependence of a set of da ta to 
(i) another, or (i i) by itself separated by time or space. The two fo rms of the 
double correlation that will be discussed are the auto and cross-correlation. 
Auto-correlation is the difference between the same fluctuating quantity measured 
at the same point in space but at a different time (i.e. time delay). Bruun ( 1996) 
expressed the auto correlation coefficient for a continuous signal as 
I T 
R,(r) = T f xW '('H )dt 
o 
Eq uation 3.3 -1 8 
where the value of R, (r ) is always a real value even function and the maximum 
value occurs at r = 0, hence the autocorrelation coefficient functi on can be non-
dimensionali sed and expressed as 
p, Ct) = R, ~T) 
cr , 
Equation 3.3- 19 
where cr ~ is the root mean squared of the signal. 
Since the time history record x(t) is sampled digitally at equal spaced intervals of 
~t (T = r~ t), Equation (3 .3-1 8) can be discreti sed as 
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Equation 3.3-20 
where r =0, I , .. .. m. 
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Figure 3.3-1 I Typical autocon'elation curve 
Figure (3.3- I I ) shows a typical auto con·elation plot obtained from one of the 
experimental tests. The coefficient can po tentiall y have a value from ± I. When 
p, (,) = 0.00 the two signal (i .e. the actual signal and the actual signal delayed over 
a time in terval,) are not cOITelated. On the other hand, p, (,) = I implies the 
signals are perfectly correlated and hence, not surprisingly, thi s occurs at , = 0.00. 
The point at which the coefficient initiall y crosses zero indicates the maximum 
time interval over which the signal is correlated. Over thi s interval an integral time 
scale is calculated using Equation 3.3-21. 
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Equation 3.3-2 1 
According to Taylor' s frozen-turbulence hypothesis, it was proposed "that for 
short time intervals, turbulence can be assumed to be "frozen" as it convects past a 
probe at a fixed point in space" as described by Bemard et al (2002). In other 
words, the eddy measured by the probe at that moment does not change its size or 
decay over that time interva l. Hence, the integral length sca le of the fl ow can be 
estimated by multiplying the local mean velocity wi th the integral time sca le, 
Equation 3.3-22 
Cross-con-elation is the difference between two different fluctuating quantities 
measured at different locations in space (by a di stance r) and time (1) . In some 
configurations, two hot-wire anemometers were used to investigate the correlation 
between two points separated by vector r, thi s type of con-elation as defined by 
Bruun ( 1996) is: 
Equation 3.3-23 
and the cross con-elation coefficient function can be expressed as 
Equation 3.3-24 
When P,. (r) = I , a relatively strong con-elation between the signals is indicated. 
On the other hand, when Py Cr) = 0, it means no correlation between the measured 
signals. In addition, a positive con-elation means that if Ux increases then uy will 
increase at (1) seconds later. A negative con-elation means that any increase in ux, 
is associated with a decrease in uy or vice-versa. The above equation is fo r a 
continuous signal and the discrete fonn can be expressed as: 
107 
Instrumentation and Data Acquisition 
Equation 3.3-25 
where r =0, I , . . .. m. 
All the above di scussion is based on the analysis of the flow within the time 
domain. Sometimes imp0!1ant infonnation of the flow can be masked in the time 
domain, therefore it might be useful to present the turbulent energy content of the 
flow in the frequency domain (i.e. the power density spectrum). There are several 
ways to deri ve the power spectrum: 
I) through the use of a narrow band filter method (i.e. to measure the 
power within a given frequency range) 
2) Fourier transfoml of the correlation function 
3) Discrete Fourier transfoml of th e original time-history record. 
The third approach of app lying the Discrete Fourier Transfoml (OfT) on the 
original time hi story data record is used here. Lynn (1989) expresses the OFT as: 
X - i-i t"') N) k-x O+x,xexp + ....... . 
[-iI2,' (N-I)} NI 
.. .... .... + X(N_I) x exp 
N- I 
X = '\' x expl-J\2.,*,,)IN} 
k ~ ' 1/ 
//= 0 
Equation 3.3-28 
Equation 3.3-29 
The resulting power spectrum density represents the power contained within the 
signal at a given freq uency (f ± M12) rel ati ve to the size of the reso lved bandwidth 
(M). The power density fu nct ion is used to identify unusual flow behaviour, 
which may not be detected by the correlation infonnation. 
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3.4 Particle Imaging Velocimetry 
Pal1icie image velocimetry (PlY) is becoming a popular measuring techniq ue used 
in the study of fluid flows. One of the advantages of PlY over the hot-wi re is that 
the techn ique is non-intrusive. This also means that PlY can potentially be used in 
more hostil e environments such as a reacting fl ow, although optical access in such 
experiments remains chall enging. Secondly, it is a planer measurement technique 
unli ke the Hot-wire or the Laser Doppl er Anemometry (LOA) which are point 
measurements. The PlY captures the instantaneous velocity at a number of 
discrete locations in a plane which can prove useful in flow investi gations. Firstly, 
thi s can potentiall y provide a significant time saving if the PlY can provide 
accurate time averaged flow statistics as explained by Holli s (2004). Secondly, 
Pl Y also allows spatial correlation of the fl ow wi thi n the measurement plane i.e. it 
can be used to identi fy turbulent eddies. However, the limitations of a Pl Y system 
include: 
I) Expensive (compared to hot-wire anemometry system) 
2) Low frequency response (- 15Hz) due to current camera and laser 
technology, However the latest PlY systems utilising pulsed lasers 
and digi tal cameras can operate at much higher frequency (e.g. 20 
kHz Williams et al (2003» 
3) The flow must be seeded 
4) It requires good optical access 
A detailed description of the PlY system and the methodology can be found in 
Holli s (2004) and it is not the author's intention to dwell in this area so only a 
brief discussion of the technique will be mentioned here. The technique estimates 
the local fl ow veloci ty by measuring the di splacement of pal1icies in the flow over 
a short (and known) period. A schemati c of a typical PlY system is illustrated in 
Figure (3.4-1 ). 
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Figure 3.4-1 Experimental layout of the PlY system 
The tracer paIti cles are introduced to the flow and several considerations 
regardi ng type of seeding, size of the seeding etc must be considered. It is 
important for the seed palticles to be small enough in order to follow the fl ow path 
but large enough to scatter the light. In digital cross correlation Pl Y a pul sed light 
source (usually Nd:Y AG lasers) is used to illuminate these particles in a plane of 
the flow twice in a shOlt interval, and a CCD camera is used to capture the 
position of the particles in each frame. Post-processing of the PlY system enables 
estimates to be made of the velocity by measuring the physical displacement of 
groups of seeded particles over the short interval of time, i.e. assuming the path of 
the particles to be ~t) after a short time delay, palticles will travel to X {t+LIt) . 
Hence, the velocity of the palticle can be calculated based on equation 3.4-1 : 
Equation 3.4-1 
Note that the tenn 'group of particles' is used because the image is di scretised into 
fi nite cell sizes, within which groups of paIticles are used to calculate 
displacement. Typically, 5 particles per cell are required for a good signal to noise 
ratio. 
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Hollis (2004) summarised the PIV process into 5 different categori es namely 
Acquisition, Processing, Validation, Analysis and Presentation. 
• Acqui si tion is the process of actually collecting the raw images. Before 
collecting any data, factors to consider include the type of seeding, li ght 
sheet positioning and thickness, camera ori entation, focal parameters, and 
the timing synchronisation and inter-frame time setting. 
• Processing is the method by which the velocity vector fi eld is generated 
from the raw images. This will help to remove any unavo idable 
background reflecti ons by subtracting the raw images with the background 
image. 
• Validati on is the process by which the quality of the vector map is 
quantifi ed. The validation process will onl y remove spurious vectors and 
potentially use a suitable scheme to replace the data voids. 
• Analysis is the process by which the vector field infomlation is used to 
deri ve other quantities such as the shear stress, turbulent intensity, 
correlation, length scales etc. 
• As the data obtained from a PIV system is huge, it is critical that the data 
be summari sed and onl y relevant infol1nation presented. 
As it is not the intention of thi s thes is to di scuss the PIV system in-depth, or how 
to optimise the system, readers are encouraged to refer to Holli s (2004). Atomised 
shell ondina oi l particles (with a diameter of 2J.lln) are used in air based 
experiments such as that here. This is the same seeding utili sed by Holli s (2004) 
and is known to fa ithfully follow the flow and provide sufficient parti cle image 
sizes in the type of conditions seen here. 
The pulsed laser used by the research group at Loughborough is a Neodymium 
Yttrium Aluminium Gamet (Nd:YAG) and emits a fundamental wavelength of 
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I 064nm. The laser head unit consists of two lasers in order to delay the two pul ses 
by a fraction in time. There are two types of lens in the laser namely, (i) a 
spherical lens that is used to focus the beams whil st (ii) a cylindrica l lens is used 
to fo nn the light sheet. 
A digital CCD (Charged Coupled Device) camera is used to record the illuminated 
fl ow. The CCD camera used in the experiment is a Kodak E.S. 1.0 camera. It 
works on the p ri nciple of a double frame, single exposure that is needed in cross 
correlation PlY. The two main timing parameters are data acquisition rate and the 
inter-frame time. The camera and the laser repetition rate dictate the max imum 
data acquisition rate, which in this experimental setup is 15Hz. The inter- frame 
time M, is defi ned as the time separating the two frames, which is set by the user. 
As demonstrated from equation 3.4-1 , the velocity is dependent on the recorded 
tracer part icle displacement and the inter-frame time, hence se/ecting a suitab le L1t 
is criti cal. 
Keane et al (1990) stated that the displacement magnitude of each parti cle group, 
ds, with in each interrogation cell should be less than one quarter of the cell 
dimension, i.e. within the 32 by 32-pixel interrogation cell s, based on the one-
quarter rule, ds should be less than 8 pixels. With some knowledge of the 
maximum expected velocities in the flow, L1t can be estimated to ensure 
appropriate optimum pixel di splacement. The relative error on the calculated 
displacement increases as the pixel di splacement reduces. Therefore, it is 
important to max imise the L1t, whilst avoiding excessive di splacement of the 
particles within each interrogation cell. 
l\ • Recorded 
Displacement 
Figure 3.4-2 Image di screti sation and individual cell illustration - Hollis (2004) 
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3.4. 1 Data acquisition 
The PIV system used in Loughborough Uni versity is from La Vision, which 
consists of a CCD camera, Nd:Y AG laser and various optical lenses. Tabl e 3.4-1 
summari ses the specification of the system. 
Camera 
Resolution Kodak Megaplus E.S. l.O 
Frame Rate I OOOx I 000 Pi xels @ 8bit dynamic range 
CCD Size 15 Hz(doubl e frame) 
9mmx 9mm 
Lens Nikon 
Focal Length, Z 50mm(24mm & 60mm subsequently acquired) 
F-number, F# 2.0 to 22 
Magni fication, M 1< M <0.05 
Laser New Wave Solo Dual Head Pulsed Nd:YAG 
Power 50mJ (per laser) 
Repetition Rate S l 8Hz 
Pulse Duration 6ns 
Beam di vergence Selectable 6°, 12°,30°,60°, 
Computer Pentium III PC 
Processor 2x 800MHz 
Memory 3GB 
Storage Ix30GB SCSI HD 
Ix40GB IDE HD 
IxCD-RW 
Software DaVis v.6.03 
Table 3.4-1 PIV system Specitlcation-Hollis (2004) 
The objecti ve of using the PlY system is to measure the instantaneous flow 
properties on a plane. This cannot be achieved using a point measurement 
technique. In addition, the main plane of interest is the x-y plane, i.e. to shed some 
light on the instantaneous mix ing of the coolant and mainstream flows. Hence, 
most data was obtained fo r thi s orientation. As the ri g is made out of Perspex, it 
provides excellent optical access . Figure (3 .4-3) shows the positioning of the laser 
and the camera with respect to the test rig. A laser sheet is produced in the x-y 
plane and the camera is located perpendicular to the laser sheet and views through 
the rig sidewall. The area of measurement along the x-y direction is shown in 
Figure (3 .4-4). The fi eld of view (FOV) is defined as the area that the camera can 
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capture. In this experiment, two FOVs were used namely 90mm x 90mm and 
40mm x 40mm i.e. the latter will provide a better reso lution than the former as the 
latter uses the same number of pixels but covers a smaller area. 
" 
CCD 
camera 
mounted on 
stand 
Laser 
Figure 3.4-3 Experimental set up for the PIV system 
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Figure 3.4-4 Measurement plane for the PIV experimental 
Some problems encountered during the experimental set up included seeding and 
unwanted light refl ection. The seeding used in thi s test is oil based with oil being 
broken down into fine particles using a TSI six jet atomiser. Holli s (2004) stated 
the importance of having a homogenous di stribution of seeding. He stressed the 
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point that in order to achieve a homogenous distribution in an airflow facility is 
more difficult than in the case of a water-based facility. Failure to achieve a 
homogenous di stribution wi ll result in areas having high and low concentrations, 
which affect the data quality. Different methods of introducing the seeding into 
the rig were undet1aken and the best approach, was to introduce the seeding at the 
locations marked A and B for the mainstream and the secondary flow as shown in 
Figure (3.4-5) respectively. The mainstream is seeded by two copper tubes located 
at the position marked A. In the secondary circuit, the seeding is introduced by 4 
locations marked B around the pipe. 
A 
B 
Copper tube 
Figure 3.4-5 Location of the injection of the seeding 
At the start of each experiment, the laser must be set to produce a light sheet in the 
area of interest. Several markings were placed on the surface of the cooling ti le to 
ensure that the light sheet is shining at the location of interest as shown in Figure 
(3.4-4). Once the laser position is set, the camera will have to be focused on the 
area of interest. When both tasks are completed, a background image will be 
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taken. This image wi ll be used for pre-processing; by subtracting all the images 
collected with thi s background image, the noise in each image is reduced thereby 
increasing the signal -to-noise ratio. The ri g will be switched on and run fo r 10 
minutes with the seeding on before co llecting any data. 
3.4.2 Experimental Uncel·tainty 
One of the main concerns is to ensure that the number of samples taken is 
suffic ient and to account for the elTors on the ca lculated stati stical data. It is well 
established that the average quantiti es converges as the number of samples 
increases. Like in the case of the hot-wire anemometer, by using standard 
stati stical equations such as Equations (3 .4-2) and Equations (3.4-3), the errors in 
the mean and r.m.S. calculated quantities can be estimated. For example, for the 
PI V data confidence in the mean velocities in a single test is within ±4%, whil st 
the fluctuating components are within ±8% (95% confidence). 
However, the di scussion does not take into acco unt the relati ve errors on the 
individual vectors used to create the ensemble result due to inter-dependencies on 
pmticle shift and local turbulence intensi ty. Holli s 2004 accounts fo r both the 
elTors using a total relati ve error, which is expressed as 
Equations 3.4-2 
Equations 3.4-3 
respecti vely and ~ is the relative paltic\e shift (eds is ±O. I pixels and based on 
ds 
averaging the displacement of the p3I1ic\e, ds is 6 pixels). This would indicate that 
the total elTor on the mean velocities is ±(4.3)% and the r.m.s is ±(8.2)%. 
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3.4.3 Data Reduction 
The amount of infonnation that can be deduced from the PlY raw data is 
relati vely large. Holli s (2004) provides a detailed yet comprehensive explanation 
on the data reduction and its interpretation of the data. This experiment uses thi s 
technique mainly to visuali se the interact ion of the large mainstream structure 
with the coolant fi lm. Hence, the data presented is mainly the instantaneous va lue. 
For the instantaneous data, the only data reduction was to subtract the background 
noise to each image in order to reduce the background noise. 
Like in the hot-wire data, stati stical too ls were used to analysis the Pl Y data. The 
mean values are obtained by 
_ I N 
U =-"' U N ~ 1 Equation 3.4-4 
where N in thi s case is the number of images (typica lly 600) and the root mean 
square of the fluctuating component by 
Equation 3.4-5 
Hence, the turbulent intensi ty can then be calculated using Equation (3.3 -1 7). 
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3.5 CO2 Gas tracing 
This technique measures the rate of mixing between the coolant and mainstream. 
This is done by injecting a tracer gas into one of the streams; by measuring the 
concentration of the gas at the location of interest the degree of mixing can be 
detennined. Many workers have also used the gas in order to simulate a density 
effect i.e. sufficient gas was injected to affect the properties of an air-stream. 
However, thi s was not the objective in these tests since only a trace amount of gas 
was injected. 
A layout of the gas tracing system developed for this study is shown in Figure 
(3.5- 1). The gas used in thi s technique is Carbon dioxide, (C02) although other 
gases can be used. The reasons for the use of CO2 instead of other gases were: 
( I ) the cost of CO2 compared to other gases such as Helium or Nitrogen 
dioxide is cheaper. 
(2) it does not pose any immediate hann (except giddiness Isleepiness) to 
the experimentalist if acc identally exposed to small quantities. 
(3) A CO2 analyser for measuring gas concentration was available within 
the laboratory. 
,- - - . ------------------------------------------------. ------------------ - - - - - - - - - - - - - - --
co, Supply un. 
: To test 
I Legondsl 
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BackgrOIJ'l_' __ _ 
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Chime! 2 Chamelt 
Figure 3.5-1 Experimental Layout of the gas tracing system 
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In addition to the few points mentioned, a further factor is whether the injected 
gas wi ll "mimic" or capture the flow field accurately as the density of the gas is 
different from air (i n other words wi ll buoyancy affect the tracer path). Consider a 
jet issuing into a reservoir for which the density of the jet and reservoir fluids is 
different as shown in Figure (3.5-2). 
/ 
/" 
t-
Vj, Jet veloci ty ~~~~ 
--... -----==-=:::::::::---- -. 0 
Pj j 
g, Gravity 
Figure 3.5-2 Illustration of buoyancy effects on flow 
The trajectory of the jet wi ll depend on whether the inertia or buoyancy forces are 
dominant. For example, the trajectory of the jet is likely to follow path I if 
buoyancy forces are dominant as illustrated in the Figure 3.5-2. On the other hand, 
if inertia forces dominate, the trajectory of the jet wi ll follow path 2.Two 
important parameters that need to be considered are the den si metric Froude 
number and Reynolds number. The densimetri c Froude number is a non-
dimensionlised parameter expressing the ratio of inertia to gravitational forces 
which is defined as follows, 
Equation 3.5-1 
where t.p = Pj - Poo 
From the equation, it is clear that when densimetric Froude number - I than the 
buoyancy effect is strong, but if it is much greater than 1 the buoyancy effect is 
weak. In thi s experiment, the amount of CO2 injected wi ll be 400ppm, hence 
increasing the C02 in the air to 800ppm which increases the CO2 concentration in 
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the air to 0.08% by vo lume. With the additional CO2 injected In the air, the 
molecular weight is increased fro m 28.96 to 28.97, which wi ll have insignificant 
increase in the density. Hence, in thi s experiment, as the ~p is very small , the 
densimetric Froude number tends to approach infinity. It can be concluded that the 
inerti a fo rces are the main dominating facto r. Finall y, as the Reyno lds number in 
the ri g is high, the molecular di ffusion of th e C02 gas will be a small effect as it is 
the turbulent diffusion that dominates rather than the molecular di ffus ion. Hence, 
it can be concl uded that the tracer gas C02 will mimic the turbulent mixing of the 
ai rflow. 
The instrumentation consists of a 2 channels infra red gas analyser NGA 2000 
ML T I Ana lyser Module from Fisher-Rosemount, flow meter, 2 pumps, valves, 
relays, 2 flow regulators and 4 injectors. A detailed explanation of the working 
principle of the analyser can be obtained fro m the manual (F isher-Rosemount 
( 1999»; however it is worth summari sing some of the points. As mentioned the 
gas analyser is a Non-di spers ive infTa-red (N DI R) type, and the concentration of a 
parti cul ar gas (in thi s instance ca rbon dioxide) is measured by recording its 
"optical" absorption in the infTa red spectrum. As the ai r consists of several gases 
(such as Oxygen, Nitrogen Argon, Carbon diox ide), each gas can be identified by 
its specific wavelength of the absorption bands. The analyser has an IR source 
wi th reflector, a speciall y designed chopper wheel, an analysis cell (which 
consists of a measuring and reference sides) and the gas detector are shown in 
Figure (3.5-3). 
Figure (3 .5-4) shows a gas detector, which consists of an absorption chamber and 
a compensation chamber connected via a fl ow channel. The detector is fill ed with 
the infrared acti ve gas to be measured and is only sensitive to this distinct gas with 
its characteristic absorption spectrum. The absorption chamber is sealed with a 
transparent window to allow the in fTared rad iation [CaF2 (Calcium fluoride)] to 
take place in the chamber. The in fTa-red radiation is generated by a heating co il in 
the light source. Due to the rotati on of thi s chopper wheel, the radiati on will 
peri odically enter the measuring side and the reference side of the analysis cell . 
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Figure 3.5-3 Photometer in the Gas analyser 
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Figure 3.5-4 Components of the Gas detector 
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When the radiation from the measurement side of the analysis cell is directed into 
the chamber, depending on the concentration of the gas in the analysis cell , the 
temperature in the chamber and the gas pressure will be reduced. Hence, gas fro m 
the compensation chamber will fl ow into the absorption chamber via the flow 
channel. 
On the contrary , when radiation passes through from the reference side, the 
absorption chamber is heated, and thi s will cause the gas to expand and some will 
flow to the compensation chamber. A micro flow sensor evaluates thi s change in 
fl ow rate and converts thi s into an AC electrical signal. This signal will then be 
evaluated and the measurement readi ng will be displayed on the front of the panel. 
RefelTing to Figure (3.5 -1 ), the instrumentation system can be divided into two 
lines namely the supply and measurement lines. In the CO2 suppl y line, the gas is 
supplied from a cylinder fitted with a mechanical regulator. The gas is piped into a 
" reservoir" which, due to its large vo lume, provides a stable flowrate into the fl ow 
meter and the injectors. From the suppl y reservoir, the gas passes through the fl ow 
meter, which measures the instantaneous fl ow rate, and thi s is logged by the 
computer via a serial port connection. Two flow regulators are located upstream 
of the solenoid va lves for fi ne adjustment to ach ieve the requi red flowrate. The 
solenoid valve located downstream of the manual valves controls the CO2 into the 
test ri g. When the rig is set up and the analyser is calibrated, the so lenoid va lve 
wi ll then be switched on to allow the gas to flow into the mani fo ld prior entering 
the test ri g and the valve will shut off the gas during calibration process and at the 
end of the test. Initial tests show that the gas will provide a more unifonn profi le if 
it was injected via several tubes rather than a single tube. Hence, the man ifo ld 
allows equal di stribution of the gas into these tubes. 
The amount of C02 injected into the system varies depending on the type of test. 
However, the mean concentration is set to 430ppm ± 2.5%. The di fficulty 
encountered in thi s test was the risk of cross-contamination of the tracer gas. As 
the tracer will be injected into only one stream and both streams shared one 
common pl enum (i .e. mainstream and the coolant) the ri sk of cross-contamination 
from one stream to the other is high. Thus, steps were taken to minimise this 
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effect including the method of injection and monitoring the CO2 in the plenum at 
the start and end of each test. Checks have been carri ed out to ensure that cross-
contamination is kept as low as possible. This is done by measuring the C02 
concentration in the plenum and comparing it with the concentration taken at the 
fa n inlet (i.e. the CO2 atmospheric concentration) . The di fference between the two 
readings are always lower than 1% of the mean CO2 injected. 
The initia l design was to seed the secondary circuit of the ri g. This was do ne by 
having 2 injectors connected to a IOmm diameter pipe. The pipe had six 5mm 
diameter holes and was placed in the secondary inlet pipe as shown in Figure (3.5-
5). However, to obtain a reasonable result, a long averaging time was needed. This 
was thought to reflect poor mixing of the tracer gas with the fl ow in the coolant 
circuit. The next approach was to have the tracer gas introduced into the 
mai nstream. Again, many di fferent methods of introducing the tracer gas into the 
mainstream were carried out. However, most fa il ed to provide a unifonn 
di stribution across the mainstream duct. The final design was to introduce the 
tracer gas around the perimeter of the mainstream throttl e plate. Four injectors 
were used in thi s configuration and each injector was connected to a IOmm pipe 
as shown in Figure (3.5-6). Along each of the 10mm diameter pipes was a row of 
3mm diameter holes equally spaced to inject the C02 into the mainstream. These 
holes were positioned in such a way that the CO2 gas exiting from these holes 
could be directed into the mainstream throttl e box and not into the plenum (so as 
to min imize the ri sk of cross contamination). In addition, the high turbulence level 
generated downstream of the throttle plate, prior to entry into the mainstream 
ducting, ensured good mixing of the tracer gas with the mainstream flow i.e. both 
on a time average and instantaneous basis. 
In the measurement line two 35W pumps were used to draw the sampled gas into 
the analyser. The first pump is used to draw the gas through a probe located inside 
the test ri g while the second pump is used to draw the gas sample from a probe 
that is measUling the background CO2 in the flow at the fan inlet. A manual flow 
meter is used to adjust the flowrate drawn into the analyser. The probe used to 
sample the fl ow looks simi lar to that of a pitot probe. 
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A 
Figure 3.5-5 Initial design for the injection of the CO2 seeding 
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Figure 3.5-6 Final design for the injection of the CO2 seeding 
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(a) Poor spatial reso lution (b) Good/Ideal spati al resolution 
Figure 3.5-7 Spatial resolution of the probe fo r gas tracing technique 
Some considerations were taken into account when designing the probe. Firstl y, 
the probe diameter must be kept small to ensure good spatial resolution and for 
similar reasons, the flow rate that the probe is drawing must be kept at a 
reasonable rate. If the pump draws the sample gas at a high fl ow rate, it will resul t 
in poor spatial resolution as shown in Figure (3 .5-7a) due to the large capture 
streamtube. A more desirable flow rate, as shown in Figure (3.5-7b), is one in 
which the capture streamtube is comparab le with the probe. In thi s study, the flow 
rate to the analyser was typically set to 1.2 IImin (to give the best spati al 
resolution) fo r both channels throughout all the tests (see section 3. 5.3). 
3.5.1 Calibration 
At the start of the experiment, the ML T Analyser will be calibrated. This is done 
by injecting pure nitrogen into the analyser to provide a zero sample (i.e. free from 
carbon diox ide) followed by a reference mixture gas of Nitrogen and CO2 
(2 100ppm- the analyser maximum range). The analyser calibration is perfonn ed 
every hour. The process of injecting different gases is done by opening and 
closing the solenoid valves, which are operated by relays, and are software 
controlled. At the same time, the fl ow meter will be calibrated and set to zero. The 
rig will then run for 10 minutes before the CO2 is injected into the ri g. 
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The background reading of the CO2, wh ich was sampled at the fa n inlet, was 
recorded at the start of each traverse for the double skin system. However, in the 
single skin system, the background of each data point was recorded rather than at 
the start and end of the traverse. A reference probe is placed at the upstream end 
of the mainstream duct to monitor the amount of CO2 injected into the rig. Checks 
have been perfomled to ensure the unifonnity of the injection. 
3.5.2 Data acquisition 
Both the analyser and the flow meter communicate with the PC via the serial 
pOI1S. The Alpha A and Alpha K cards in the CIL system are used to obtain the rig 
condition (via the pressure transducers) and the temperature in the rig 
respectively. These data will then be sent to the PC via a ribbon cable. Two 
computers were used in thi s test, one to monitor the rig conditions and contro l the 
traversing mechan ism and the other for data acq uisition associated with the tracer 
gas. 
3.5.3 Experimental Uncertainty 
In thi s investigation, a reference probe, about 40H trom the leading edge of the 1st 
dummy tile, monitors the amount of C02 injected in to the mainstream. Two 
different tests were carri ed out to check its un ifonni ty and the variation of the 
injection rate over a period. To check its unifonnity across the mainstream 
section, the reference probe was allowed to traverse across the duct and the peak 
and vall ey value of the concentration is 8ppm or ± 4ppm in 430ppm, which 
correspond to about ± 1%. 
For the vari ati on of the injection rate, the probe is set at the mid-point of the 
mainstream duct and the injection rate is recorded at every 30 seconds interval. 
The result shows a variation of II ppm or ± 5.5ppm in 430ppm, which 
corresponds to ± 1.3%. The repeatabi lity of the cooling effecti veness based on thi s 
experimental configuration was found to be ± 5% in the double skin system and 
± 2% in the single skin system. This improvement in the results is because the 
background variation was recorded at each data point in the latter configuration . 
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As mentioned earlier the other possible source of error that will affect the 
measured ad iabatic cooling effect iveness is the probe resolution. Consider the 
flow near the wall surface, the velocity would be about 5m/s (from the flow fi eld 
measurement). The pump will draw air at a rate of about 1.2l1min hence the probe 
will measure a streamtube di ameter of approx imately 2mm. Figure (3.5-8) 
illustrates the adiabatic cooling effectiveness profile obtained from th e 
experiments which resembles a n0I111al di stribution when plotted against the half-
width (refer to section 3. 5.4 for definiti on of half width). 
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Figure 3.5-8 Compari son of experimental data to a n0I111al distributed curve 
Figure (3.5-9) plots the normal distribution pro fil es with di fferent half widths and 
it can be seen that with a streamtube di ameter of 2ml11 , the errors at half widths of 
25111111, 50mm and 75mm are almost negligible. This is because errors in the near 
wall (which in this experiment are the main interest) are rel atively low due to the 
benefits of the zero concentration gradient i. e. dC = 0 near the wall. However 
dy 
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away fro m the wall , thi s may no longer be true especially in the region where 
de is high. Similar error ana lysis was calTied out but at y = 301mn. In this region, 
dy 
with the velocity 10m/s, and the pump to the analyser is drawi ng 1.21/min, the 
probe is measuring a streamtube di ameter of 1.6111111. Thus the errors at half width 
of 25 111111 , 50111111 and 75mm is ±2%, ± 1.2% and ±0.7% respecti vely. In all cases, it 
can be seen that as the half width increases, the error reduces. 
Wall va lue 
1 ....... ~==l=1 ::::-~---====--:: ___ :::::=---~-:---_____ ~Jb = 75111111 
0.9 
ra 
~0.8 
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I Estimated stream tube capture zone 
Yb = 25ml11 
0 .60~~~~~~5~~~~-1~0~~~~~15~--~~~20 
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Figure 3.5-9 Estimation of errors associated with spatial reso lution 
3.5.4 Data Reduction 
Adiabati c wall coo ling effecti veness is one of the most common parameters used 
to investigate the cooling film. Thi s is the coo ling effecti veness determined in the 
absence of heat transfer into the wall. It is defined as the rati o between the 
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changes in temperature between the local and the mainstream rel at ive to the 
temperature difference between the injected gas and mainstream flow. 
T - T 
wall surface rreeslrcam 
11 adiabillic = T T 
coolant - rrccslremn 
Equation 3.5.4-1 
Hence, a value of 1 indicates the temperature at the wall equals that of the coolant 
film, wh ilst a value of 0 indicates the temperature at the wa ll is that of the 
mainstream. Values between 0 and I indicate some mixture of mainstream and 
coolant flow. 
As explained earli er thi s is very difficu lt to measure but using thi s mass transfer 
technique, an analogous effecti veness can be measured with reasonab le 
confidence i.e. 
_ 1_ C02rneasurement - CO 2 D3ckground 
1"] ,d;,b,,;o - CO CO 
2 injected - 2 Background 
Equation 3.5.4-2 
Hence, 1"]ad;aba t;c = I indicates a free CO2 concentration (i.e. equivalent to the 
coolant inlet temperature) and 1"] ad ;,b't1;c = 0 indicates Maximum CO2 concentration 
or hi gh temperature (i .e. equivalent to the mainstream inlet temperature). 
At a given axial location, the cooling effectiveness may be expressed relati ve to 
the wall value, i.e. The half-width , yb, is defined as the location of (y) 
11 ""'311 
when the magnitude of ~ is 0.5 . The di stance from the wall ,(y) IS non-
11 wall 
dimensionlised by this half-width hence giving L . In Figure (3 .5- 10), the half-
Yb 
width (Yb) is about 28 (i.e. ~ is 0.5). 
11 wall 
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Chapter 4 Results and Discussion - Double Skin System 
In thi s chapter, the results obtained from the double skin system geometry are 
presented and di scussed. As mentioned in the objectives of the project, different 
test conditions are designed to simulate various aerodynamic features that occur 
within more engine representati ve geometry. The low turbulence configuration, 
also known as the Datum build, is defined when the mainstream inlet velocity is 
uni fo ll11 in the y-direction and the turbulent intensity is of order I %. The high 
turbulence configuration is when the mainstream turbulence is increased 
significantly to in excess of 20%. In thi s classification, there are two di fferent 
approaches to generate this high turbulence intensity either (i) by use of a cylinder 
or (ii) by radial di stortion of the inlet velocity profil e. Note that the use of a 
cylinder will also lead to some variant of mean velocity in the circumferential 
direction due to the cylinder wake. Table (4- [) summatises the tests conducted on 
the double skin system together with a summaty of the test description and the 
mainstream turbulence intensity. 
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Nos. Description Mainstream Tu (%) 
01 Datum, Without effusion I 
02 Datum, With effusion I 
Tripped Cylinder, Without effusion 
03 Diameter = D 
<20 2 diameter upstream of I SI slot 
Tripped Cylinder, With effusion 
04 Diameter = D <20 
2 diameter upstream of I SI slot 
Untri pped Cyli nder, With effusion 
05 Diameter = D <20 
2 diameter upstream of I sI slot 
Untripped Cylinder, Without effusion 
06 Diameter = D <20 
2 diameter upstream of I S[ slot 
Tripped Cylinder, With effusion 
07 Diameter = 0.5 x D <20 
2 diameter upstream of 1 st slot 
Tripped Cylinder, With effusion 
08 Diameter = 0.5 x D <15 
4 diameter upstream of I st slot 
09 Distorted inlet profile, Without effusion <20 VR = 0.49 
10 Distorted inlet profi le, With effusion <20 VR = 0.49 
II DistOlted inlet profil e, Without effusion <20 VR = 0.60 
12 Distorted inlet profile, With effusion <20 VR = 0.60 
Table 4- 1 Summary of the tests conducted on the double skin system. 
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4.1 Internal tile flow characteristics 
4.1.1 Pressure loss distribution 
Once the rig had been commissioned and the mass fl ow di stribution within the tile 
balanced, (as described in chapter 2), the nex t task was to detennine the pressure 
drop across the cooling til e. This is defin ed as the di fference in stagnation 
pressure between the mainstream duct and the secondary feed plenum as shown in 
Figure (4. 1-1 ). 
Tapping 'c' 
Tapping 'A' • 
Tapping 'X' 
• 
Tapping ' B' • 
Figure 4. 1-1 Location of the stati c tappings across the test section 
Tapping A is located in the secondary plenum and tapping B is in the mainstream 
duct. The total pressure drop across the cooling system is indicated by the 
difference in pressure between these tappings, since the low velocities in these 
region mean tappings effectively measure total pressure. Tapping C is located 
between the first and second skin of the cooling til e. Hence, the pressure drop 
across the first skin is broadly indicated by the di fference in pressure between 
tapping A and C. Simi larl y the pressure drop across the second skin is indicated 
by the pressure di fference between tapping C and B. 
The effectiveness of the effusion patch can be studied by comparing the results 
obtained both with and wi thout flow passing through the effusion patch. As the 
cost of a sca led-up ti le is relatively high, it was decided not to manufactu re a ti le 
without effusion; instead the til e without effusion was simulated by blanking the 
effusion patch on the existing tile with tape. Due to time constraints, when the 
effusion patch was blanked no effort of rebalancing the fl ow through the dummy 
til es was carri ed out to ensure correct simulation of the upstream and downstream 
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flow provided by the dummy tiles (as described in chapter 2). Therefore, the 
difference between the static pressures measured at each end of the main tile 
suggested an error in the flow di stribution of up to 4%. In other words, the fl ow 
through the upstream and downstream dummy ti les should be increased and 
reduced by about 4% to ensure the fl ow d istribution is balanced. This tolerance, 
or experimental elTor, should be bome in mind when considering the results 
without effus ion. 
The pressure loss measurement was carried out for both datum configurations i.e. 
for both Datum without effusion and Datum with effusion. Table 4.1-1 
summarises the pressure loss data. The measure pressure difference is made non-
dimensional ised by a dynamic head 'q '. This is based on the mean velocity of the 
flow through the feed holes deri ved fi'om the known feed hole geometric area and 
the ti le mass flow . It can be seen that the majority of the pressure drop occurs 
across the I SI skin and it is interesting to compare the loss coefficient values 
relative to tbe dynamic bead of tbe fl ow througb tbe feed boles. In particular the 
effective area of each feed hole wil l be signi ficant ly less than its geometric area. 
For a square edged hole of 0.5 length/diameter ratio a typica l Cd value - 0.65 
Spooner (2002) is expected. Hence the actual velocity of the flow through each 
hole wi ll be 1.54 ( 1/0.65) times greater than a velocity based on geometric area. If 
the pressure drop is predominantly associated with tbe actual dynamic head 
through the feedhole then a loss coefficient va lue across the I SI skin (DP/q) of 
2.37 is expected ( i.e.I.542) . This compares favourab ly with the measured values 
and suggests the loss is mostly associated with the dynamic head of the flow 
passing through the feed hole (which is presumably lost as thi s flow impinges on 
the 2"d skin). 
For the datum case with effusion, the total pressure drop is 2.65 with 2.34 
occulTing across the I SI skin . Hence 88% of the loss is across the I SI skin and only 
12 % of the loss occurs across the 2"d In other words, the porosity of the I SI skin 
together with the local pedestal geomelIy, i.e. the position of the pedestal s near 
the feedho les, controls the amount of massflow through the tile for a given 
pressure drop. For the datum case without effusion, the total pressure drop is 2.86 
which is slightly higher than for the case with effusion. In tenm of a percentage 
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loss across the two skins, the pressure loss is 78% ( I SI skin) and 22% (2nd sk in). It 
should be borne in mind that these pressure measurements were obtained without 
the cooling tile being correctly ' balanced' i.e. upstream and downstream dummy 
tile flow were not correctly 'balanced' . However, it is reassuring to know that 
these results were in good agreement with Derullan et al ( 1998) who measured 
losses of 82% (I SI skin) and 18% (2nd skin) on a tile of comparable geometry. 
DatulII with ejjilsioll DatulII with 110 ejjilsiol1 
t1p(,ota,yq 2.65 2.86 
t1P(lS! sk;nyq 2.34 2.23 
t1P(2nd sk;nyq 0.3 1 0.63 
Table 4.1-1 Pressure loss across the double skin system . 
The increase in pressure drop when companng the cases with and without 
effusion i.e. 2.65 to 2.86 is mostly due to the change of effecti ve area associated 
with the 2nd skin. By blanking the effusion patch, the effective area through which 
the flow passes to exit the cooling system is reduced thus increasing the pressure 
drop across the 2nd skin and increasing the overall pressure drop marginally (by -
7%). 
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4.1.2 Flow distribution 
As described in chapter 2, the coolant flow enteri ng the til e wi ll initia ll y spli t into 
two portions, i.e. havi ng entered the feedhole pOl1ions of the flow must past either 
upstream or downstream. Two questions of interest one might have are: 
I) What is the upstream and downstream fl ow split within a ti le? 
2) Where applicable, how much of the coolant is injected into the 
mainstream through the effusion patch? 
As mentioned earl ier, the purpose of the dummy til es is to simulate the interacti on 
occurring between a til e and the adjacent upstream and downstream tiles. Hence 
the main til e in this experi ment is preceded and fo \\ owed by til es of similar 
geometry. In th is experiment, the upstream dummy til e, therefore replicates the 
geometry in the rear of the main til e, and similarl y, the downstream til e replicates 
the fi'o nt portion of the main tile. Therefore, when the system is cOITectly 
balanced the flow through the upstream dummy til e represents the portion of flow 
entering the main tile and passing downstream. Simi larly, the flow passing 
through the downstream dummy til e is equi valent to that portion of the fl ow that 
enters the mai n tile and passes upstream. Hence, the mass flow split of the ti le can 
be detennined by the amount of fl ow entering each dummy ti le and the res ults 
indicate a split of 42 :58 i.e. 42% upstream and 58% downstream fo r the datum 
case with effusion. On the other hand , there is a very slight di fference in mass 
flow spli t for the datum without effusion with a 41 :59 upstream/downstream fl ow 
split. 
The amount of effusion cooling fl ow can be estimated by sealing the effusion 
holes (i.e. so that fl ow only issues through the cooling slot). As mentioned earlier, 
fo r reasons of time no effort was made to rebalance the system to ensure con'ect 
simulation of the upstream and downstream dummy til e flows. Hence the 
difference between the static pressures measured at each end of the main til e 
suggested erro rs in the fl ow di stribution of up to 4% (i.e. flow tlu'ough the 
upstream and downstream dummy ti les should be increased and reduced by up to 
4% respecti vely). For thi s configuration, the overa\\ loss coefficient increased 
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fTom 2.65 to 2.86, with 78% and 22% of the loss occurring across the 1 SI and 2nd 
skins respectively. The small change in the system pressure loss is attributable to 
the reduction in porosity of the 2nd sk in with the effusion ho les sealed. In addition, 
the magnitude of the change suggest that the effective area of the 2nd skin is 
reduced by a factor of 1.4 which suggests approximately 29% of the flow entering 
the tile exits from the effusion holes. Subsequent measurements of the flow 
issuing from the coolant s lots, and allowance for the unbalanced configuration, 
suggest that the effusion hole flow is approximately 25%. Figure (4. 1-2) 
illustrates the flow distribution for both with and without effusion configurations. 
100% (Feedholes) 
13% .. ~~""".,,- 42%l S8% 
29% 
(Effusion Patch) 
(a) Effusion Patch 
100% (Feedholes) 
41 %l S9% 
(b) No effusion patch 
Figure 4.1-2 Flow distribution in the double skin system 
Closure 
The results indicate that the 1 st skin pressure drop dictates the amount of mass 
flow entering the cooling system whilst the small pressure drop across the 2nd skin 
contro ls the flow split. Futihet11lOre, by introducing the effusion patch the 
pressure drop across the 2nd skin drop is reduced futiher due to the increase in the 
total effective area of the 2nd skin. It is worth noting that since the 2nd skin 
pressure drop detennines the flow split in the tile, if thi s pressure drop is too small 
then significant static pressure gradients within the combustor could have an 
influence on the flow distribution within the tile, and hence such characteristic 
may not be desirab le for a cooling film system. For example, when a primary pOli 
is located near the cooling slot ex it, this wi ll change locall y the stati c pressure at 
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the slot ex it hence reducing the amount of coolant ex iting fro m the slot. This may 
have implications on the perfo nnance of the cooling system and, ultimately, the 
lifespan of the combustor. 
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4.2 Coolant film exit condition 
Prior to thi s work, no published work has documented the fl ow condition at the 
slot exit of a double skin-cooling system. Initial measurements utili sed a pitot 
probe to measure the total pressure at the s lot exit. Figure (4 .2- 1) shows the total 
pressure relative to a loca l reference static va lue (marked X in Figure 4.1-1) and 
made non-dimensional using the mainstream dynamic head as the reference. The 
blue regions indicate low pressure while the red contours indicate high-pressure 
readings. The pressure di stribution across the slot is clearly non-unifoml and 
suggests the flow exi ting the slot is 3 dimensional with wakes associated with the 
pedestals in the last pedestal row being evident. 
Main tile 
Jnstream dummy til e 
L'.P/q 
2.00 
1.50 
1.00 
0.50 
0.00 
-0.50 
toU'"",,, location' last pedestal row 
Figure 4.2-1 Total pressure contour at slot ex it, x/L = 0.00 across 2 pedestal s 
spaci ng 
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Figure 4.2-2 Velocity and turbulence intensity profil es in the radial direction at 
xlL = 0.00 (With and without effusion) 
Figure (4 .2-2) presents the velocity and turbulence intensity profil es at di fferent 
radial and circumferential locations at slot exit i.e. xlL = 0.00 measured by the 
hot-wire anemometry system for both datum cases, (i .e. with and wi thout 
effusion). It is expected that with the same mass flow entering the tile the amount 
of secondary flow fro m the slot ex it will be red uced with the presence of effusion 
flow, because a portion of the coolant flow now exits through the effus ion holes. 
This can be seen in Figure (4.2-2), the velocity pro fil es clearl y being lower fo r the 
case with the effusion present. Both profi les are similar (if made non-dimensional 
by suitable quanti ties) but absolute velocities are reduced in the case with effusion 
by approximately 25%. This suggests that 25% of the flow entering the cooling 
ti le enters the mainstream via the effusion holes and thi s is in reasonable 
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agreement with the value obtained from the change in effecti ve area (Section 
4. 1.2) . However it is worth noti ng the measurement errors in thi s region due to the 
high turbulence level (Section 3.3 .4). For example, for the fl ow passing between 
the pedestals a turbulence intensity of 20% suggests an error in mean velocity of 
2% (Figure (3.3-9) but thi s error increases in the wake of each pedestal where 
turbul ence intensities can be of order 50%. 
The figure also confinTIs that the flow ex iting from the coolant slot is not uni fo nTI 
in both spanwise and normal directions. Both configurati ons exhibit a radial bias 
away from the main til e surface. The cause of thi s b iasing effect is due to the 
impingement effect of the flow, i.e. the way the flow passes through the feed 
holes and impinges onto the 2nd skin . This initi al distortion characteri stic of the 
flow appears to be still evident at the coolant slot ex it despite the distorted flow 
path undettaken within the tile. In addition to this biasing effect, the velocity 
profi les also exhibit large vari ati ons in the circumferenti al directi on. Thi s can be 
seen more clearly by the velocity profi les measured at the mid slot height i.e. yid 
= 0.5, across two pedestal pi tches as shown in Figure (4.2-3). Not surpris ingly, 
velocities are lower with the effusion flow present. 
Lasl row of 
----- Without effusion 
--0--' With effusion 
~<--
U/Uref Tu(%) 
(a) veloci ty profil es (b) Turbulence intensity profil es 
Figure 4.2-3 Velocity and turbulence intensity profi les in the circumferential 
direction at xfL = 0.00 (With and without effusion) 
The turbulence intensity pro fil es indicate that the fl ow ex iting from the slot has 
very high levels of turbulence, with the intensities being in excess of20% and the 
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turbulence intensity profi les being similar regardless of whether the tile is with or 
without effusion. This can be supported by the work of Scholten et al (1 998) 
which states that by the third row of cylinders (in an aITay of cylinders), the 
turbulence level is hjgh due to vortex shedding from the first and second rows. In 
thi s study, the flow will have to pass through at least seven rows before it reaches 
the slot ex it hence generating high turbulence level, which suggest intennittent 
periods of reverse flow. The mechanism by which the turbul ence is generated 
mean that, not surpri singly, the turbulence profi les are relati vely uni fo nn in the y-
direction (i.e. nonnal to the til e surface) except in the region near to the wa ll 
surface. The ri se in turbulence intensities near the surface is presumably due to 
the presence of the wall and also the interaction between the pedestals and wall. 
However, further away from each wall it is the pedestals, which are responsible 
for the high turbulence levels. Consequently, a high and virtually un ifoml 
turbulence intensity profil e is observed across most of the coolant slot height. 
Sturgess ( 1980) stated that for initial cooling film condition non-unifonni ty in the 
mean velocity distribution and high turbulence intensity levels would have an 
impact on the effectiveness of the film as it develops downstream. He notes that 
the fi lm decay rates are influenced by both the initial turbulence of a cooling film 
but also fi lm non-unifonnities in the coolant distribution, since these non-
uni fo nn ities will increase the initi al entrainment rate of the mainstream fl ow. He 
recommended that a typical well-designed conventional cooling slot wo uld have a 
value of up to 19% turbulent intensity and a mean velocity vari ation of ± I 0% 
about the mean. 
Because of the di ffi culty of measuring in the harsh flow environment at the slot 
exit plane, additional measurements were attempted using a PlY system. Further 
evidence of non-uniformity from the slot exit can also be seen in this data. Figure 
(4.2-4) presents the time averaged mean velocity pro fil es on x-y planes aligned 
with , and between, pedestals (i.e. zJH = 0.00 and 0.40). Figure (4.2-4a) shows the 
veloci ty contours and flow vectors on the plane inline with a pedestal while 
Figure (4.2-4b) shows the plane between two pedestals. It is clear that the velocity 
variation is large over a small di stance in the z direction i. e. over a di stance of 
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Figure 4.2-4 Velocity profiles of the prv system 
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40% of the slot height the velocity changes from 0.5 to 1.4 (where Urcr is the 
mean velocity of the mainstream). As mentioned earlier the hot-wire data show 
the flow exiting the slot has a bias away from the main tile surface, thi s biasing 
effect was also identified by the PlY meas urement and is shown in Figure (4.2-
4b). As the flow exits from the cooling s lots the fl ow away from the main tile 
surface has a higher velocity. It might wOl1h noting that there is a significant 
difference in the mean measurement between the hotwire and the PlY in the slot 
ex it region. This is attributab le to the hi gh turbulence intensity (- 30%) which 
affects the hotwi re accuracy. 
Also evident is the wake from the pedestal as measured on the zJH = 0.00 plane. 
Fina ll y, on both planes data obtained in the region in close proximity to the main 
til e surface must be interpreted with caution since reflections from the perplex 
surface can influence the data measured in thi s region. 
J: 
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Figure 4.2-5 Cooling effecti veness of the flow at slot exit at zJH = 0.00 and 0.40 
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Figure 4.2-6 Power spectrum at the slot ex it at xlL = 0,00 
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On both measurement planes Figure (4.2-4), a wake fro m the lip of the 2nd skin is 
clearly evident. This could potenti all y entrain mainstream flow in th is region. 
FUl1hermore, the pedestal wake may lead to further entrainment of this 
mainstream flow. This, potentially, could result in premature ingestion of the 
mainstream flow into the cooling fi lm and hence have a detrimental effect on 
cooling effecti veness. By using the gas tracing teclmique, the entrailUnent of the 
mainstream flow into the pedestal wake region can be detenn ined and some radial 
profi les are presented in Figure (4.2-5). The profi le behind the pedestal i.e. zlH = 
0.00 shows a significant decrease in cooling effectiveness at the slot ex it plane. 
This suggests that mainstream fl ow is being entrained into the wake ITOm the 2nd 
skin and then into the pedestal wake, hence lowering the cooling effecti veness. 
On the other hand at zlH = 0.40, the profi le shows no sign of the mainstream fl ow 
contaminating the secondary flow . This is the region where the flow is of 
relatively high velocity having passed between the pedesta ls in the last pedestals 
row. 
Figure (4.2-6) presents the power spectrum at the slot ex it plane (X/L = 0.00) at 
the zlH = 0.00 and 0.40 circumferentia l locations. As it is not possible to present 
all the infonnation, example power spectra at y/H = 0.00, 0.588 and 1.00 are 
included but similar spectra are observed at other locations. In parti cul ar, there is 
no sign of any peak frequencylies due to vortex shedding ITom the pedestals. As 
mentioned earli er, no other published work has reported on the flow at the slot 
ex it of a cooling tile so it is not possible to compare with existing data. However, 
to some extent the flow through the pedestals does resemble the flow passing 
thro ugh a tube array and hence there might be some merit in comparing with thi s 
data. 
Polak et al (1995) investigated the vortex shedding in circular tubes in a triangular 
fo nnation, which has a geometry simi lar to the til e pedestal array. Figure (4.2-7) 
and (4.2-8) present the geometry and some of the power spectra obtai ned at 
vari ous positions along the test section. In their study results show that for P/d <2 
(ratio of pitch to diameter) similar flow behaviour is observed. Likewise similarity 
was also observed for all P/d values greater than or equal to 2. Hence, P/d 1.6 and 
2.67 were used as examples in their discussion. 
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With P/d = \.6, a peak frequency was observed at - 136Hz and measurements 
revealed the amplitude of thi s peak fi'equency decays as the flow is convected 
downstream. Hence, by the 4th row of the aITay the peak frequency is no longer 
visible. On the other hand, Figure (4.2-8) shows that when P/d = 2.67, two 
simultaneously di screte peak frequenci es occur at 15 .8 Hz and 24.4Hz in the 
power spectrum. Although not shown the amplitude of the 24.4Hz peak at the first 
row was repol1ed to be negligible but reaches a max imum value by the second 
row. The amplitude then starts to decay and by the fourth row of the mTaY it is 
barely distinguishable. This suggested that the 24.4 Hz peak has to be due to 
shedding form the first row of tubes. On the other hand, the amplitude of the 
lower frequency (l5.8Hz) still possesses high amplitude even at the fourth row; 
however the study did not document the exact number of rows downstream before 
this amplitude becomes negligible. 
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Figure 4.2-7 Frequency spectra for P/d = 1.6, Re 25000 at the locations indicated 
- Polak et al (1995) 
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Figure 4.2-8 Frequency spectra fo r Pld = 2.67, Re 4500 at the locati ons indicated 
- Polak et al ( 1995) 
In the current investigati on with P/D = 2, the coolant flow will have to flow 
passed at least 7 rows of pedestals prior to ex iting !Tom the coolant slot. Based on 
the previous discussion it is li kely that the vortices have been convected 
downstream and in the process been distol1ed and diffused. By the time the flow 
reaches the slot exit any di screte vortices have disappeared as indicated by the 
experimental data at thi s location. It is also worth considering the initial condition 
of the flow approaching the pedestals. As the flow enters the feedholes it has to 
impinge onto the second tile before approaching the pedestals. The process of 
impingement would have generated high turbulence and the flow approaching the 
pedestals would be non- uni fo rm. Hence, thi s differs from, fo r example, the study 
of tube arrays where the inlet profi le is usually unifonn and of low turbulence. 
This might also contri bute to the lack of any peak frequenciesl frequency in the 
power spectrum at the slot exit. 
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Finally, Figure (4.2-9) shows a typical integral length scale at the slot exits for 
zlH = 0.00, 0.40 and 1.00. This was derived by mUltiplying the time scale 
obtained from the autocorrelation with the local velocity as described in Section 
(3.3.5). The integral length scale is made non-dimensionless with the pedestal 
diameter. It can be seen from the Figure (4.2-9) that the integral length scale when 
aligned with a pedestal in the last pedestal row appears smaller compared to the 
flow passing between the pedestal s. The integral length scale generally seems to 
be of the same magnitude as the pedestal diameter. 
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Figure 4.2-9 Typical integral length scale at the slot exits for zlH = 0.00, 0.40 and 
1.00 
Closure 
From the results obtained above, it can be concluded that: 
I) Velocity profiles exiting from the cooling slot of a cooling tile are non 
unifonn in both circumferential and radial directions i.e. (three 
dimensional) 
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2) Turbulence intensity is very high (- 25%) at the cooling slot exit which is 
likely to promote a more rapid deterioration of the coolant film along the 
tile. 
3) Recirculation of flow was detected behind the pedestals in the last row 
before the exit plane of the cooling s lot. 
4) The position of the last row of pedestals rel ative to the trailing edge of the 
tile is cri ti cal. If the last row of the pedestal s is too close to the trailing 
edge the wake of the pedestals wi ll be still evident at slot exit, hence 
creating a large region of recirculation. On the other hand, if the last row 
of pedestal s is too far fi'om the trailing edge lack of pedestals in this 
critical region would reduce the heat being removed from the ' hot' second 
skin. 
5) Gas tracing shows that mainstream hot gas can be entrained into the 
pedestal wake region hence lowering the quality of the coolant fi lm. 
Together with point (4), thi s would suggest that a compromise ex ists in 
tel1T1S of the location of the last row of pedestals. 
6) The maximum length scale exiting from the coolant film is of the same 
magnitUde as the pedestal diameter. 
Relative to the above points it is worth noting that the ideal cooling slot should 
have a unifOll11 mean velocity di stribution and coolant with low turbulence 
intensity. 
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4.3 Low mainstream turbulence configuration 
In thi s configuration, the mainstream turbulence intensity is at a relatively low 
value of approximately I %. These sets of data wi ll be used for comparison with 
those at high turbulence intensity. 
4.3.1 Cooling tile with no effusion patch 
As al ready stated the mainstream turbulence intensity outside the boundary layer 
in thi s configuration is approximately I %. Figure (4.3- 1) shows the mainstream 
inlet velocity and turbulence intensity profiles for th is low mainstream turbulence 
condition at xlL = 0 .00. The profile indicates a boundary layer thickness that is 
approximately 75% of the coolant slot height (i.e. 0.75 H). It can be seen in Figure 
(4.3 -1 ) that there is a sli ght increase in the velocity at the edge of the boundary 
layer. In a turbulent boundary layer developing along a flat surface thi s wou ld not 
be expected (i.e. to see a boundary layer edge velocity greater than the 
mainstream). This increase in velocity at the boundary layer edge suggests an 
interaction between the mainstream and the downstream coolant flow. FUl1her 
supporting evidence is provided by the fact that a similar feature is observed at 
xlL = 1.00. In this case an increase in velocity is observed relative to that 
measured at xlL = 0.84 as shown in Figure (4.3 -2). It therefore appears some 
interaction is present between the flow upstream and downstream of the coolant 
slot. 
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Figure 4. 3-1 Mainstream inlet profiles at x/ L = 0.00 
Figure (4 .3-3) presents the initial development of the cooling fi lm issuing from 
the s lot ex it and is expressed in tenns of tota l pressure contours measured at 3 
axial locations (i.e. xlL = 0.00, 0.03 and 0.06) relative to the local static value 
(located on the side wall and inline with the slot ex it plane at slot mid-height). 
This has been made non-dimensional using a reference dynamic head (where U"cf 
is the mean mainstream velocity) . The data indicates the presence of well -defi ned 
pedestal wakes. However, as the turbulence intensity is hi gh in this region, a rapid 
mixing of the pedestals wake is observed w ith the wake deficit being reduced by 
the coolant fl ow that ori ginally passed between the pedestals . By xlL = 0.06 (6% 
of the ti le length), the wake is sign ifican tly diminished. The figure also indicates 
the wake due to the upstream tile surface which helps define the mainstream and 
coolant regions. However, this wake does not mix out as rapidly as those 
generated by the pedestals. 
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The coo ling film development along the complete tile length in ten11S of velocity 
and turbulence intensi ty profil es is presented in Figure (4.3-4) using the hotwi re 
anemometer. As seen earli er the remnants of the pedestals wakes from the slot 
mi x out usually rapidly, (i.e. by 6% of the tile length), downstream of which very 
littl e flow vari ati on in the circumferenti al d irecti on is observed. The pro fi les also 
indicate the wake from the lip of the upstream dummy ti le. For thi s low 
turbul ence condition it can be seen thi s wake is evident along the complete length 
of the til e. 
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Figure 4 .3-4 Coolant fl ow development along the ti le (Datum without effusion) 
The cooling flow development and its mIXIng wi th the mainstream may be 
influenced by several factors such as: 
I) Wall skin fri ction 
2) Initial coolant fi lm condition 
3) Wake from the upstream tile that is evident in the velocity profi les 
along the tile 
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However, closer examination of the flow development suggests that the 
dominating factor in this case is the initial coolant film condition. The turbulence 
intensity levels, as shown in Figure (4 .3-4), are broadly constant across the 
coolant flow except in the region near to the wall. In addition, this level of 
intensity decreases with downstream di stance. In other words across most of the 
coolant film the influence of the wa ll shear stress on the turbulence leve l appears 
small. This can be summarised by plotting the turbulence intensity along the tile 
obtained from both the PlY and hot-wire measurements. Figure (4.3-5) presents 
the turbulence intensity along the ti le at two positions, the mid height of the slot 
and the centreline of the upstream tile lip. The turbulence intensity at the exit of 
the s lot is high, due to the internal tile geometry, and then exhibits an exponentia l 
type reduction along the tile. This fonn of decay is similar to that of grid style 
turbulence and for this reason the axial coordinate has also been presented relative 
to the til e pedestal pitch (xlp). Based on this parameter the grid turbulence data of 
Baines and Peterson, which is summarised by Hinze et al (1959) , was used for 
comparison. Due to the accuracy of measurement, thi s data is on ly avail ab le at 
axial distances greater than 20 pedestal pitch (x/p) values but the data suggests the 
coolant flow behaviour is replicating that of grid type turbulence. 
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Figure 4.3-5 Turbulence intensi ty along the tile at zlH = 1.00 at slot mid height 
and tile lip mid height. 
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The reduction in turbulence intensity along the tile length indicates that it is the 
initial conditions of the coolant film, and the subsequent decay of these 
conditions, wh ich have a significant impact on the coolant fi lm development. It 
also fo llows that these conditions mainly detemline mixing between the 
mainstream and coolant flows, as indicted by the gas concentration profiles 
presented in Figure (4.3 -6). As the di stance downstream of the slot increases, the 
cooling effectiveness in the near wall region decreases . The importance of the 
initial conditions on these profiles is confirmed by presenting the profiles, outside 
of the initial slot exit region, in non-dimensional fonn using the respect ive profi le 
half-widths and the wall effectiveness va lues as shown in Figure (4.3-7). 
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Figure 4.3-6 Gas concentration radial profiles. 
The similarity of these profiles at the various downstream locations again suggest 
it is the initial slot conditions, and the subsequent decay of these conditions, 
which dominate the coolant film development and how it mixes with the 
mainstream flow for this low mainstream turbulence condition. In other words, 
the viscosity generated by the initial conditions is dominating the mainstream and 
coolant mixing along the tile. As noted elsewhere the gradient at the wall should 
be zero since there is no mass transfer between the coolant and the wa ll. This 
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reduction in gradient is evident in the data, although the gradient does not reach 
zero. Presumably, this is due to the probe not being able to resolve the 
concentrati on at small enough di stances frolll the surface. 
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Figure 4.3-7 Non-d imensional gas concentration rad ial profiles 
Figure (4.3-8) presents the adiabatic cooling effectiveness along the wall surface . 
The cooling effecti veness suggests a small potenti al core region, where the 
cooling effecti veness is 1.00 after which the decay is almost linear until the end of 
the til e. Further data, that will be subsequentl y presented, also suggested a 
potenti al core region of approx imately 3 slot heights (xlH = 3). Hence, although 
Sturgess et al ( 1977) data shows the potential core to last until at least xIH = 6, the 
difference could be due to the geometty of the slot exi ts. In parti cul ar, Sturgess 
was concerned with more conventional cooling slots compared to the til e 
geometry being considered here. 
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Figure 4.3-8 Adiabati c cooling effecti veness along the til e surface. 
4.3.2 Impact of effus ion patch 
Many questions have to be addressed regarding the introduction of the effusion 
patch on the cooli ng tile such as: 
• How does the introduction of the effusion patch affect the mixing rate 
between the two streams? 
• Does the introduction of the effusion patch change the turbulence intensity 
and thereby enhance coolant/ mainstream mixing? 
• Does the effusion patch help to improve the cooling effecti veness? 
• At what di stance from the cooling slot should the patch be introduced to 
have optimum impact? 
For the low mainstream turbulence condition with effusion, the development of 
the film along the tile is indicated by the velocity and turbulence intensity profil es 
as shown in Figure (4.3-9). For the same total coolant fl ow, the fl ow issuing out 
of the coolant slot is reduced since some of the fl ow now enters the mainstream 
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flow via the effusion holes. As indicated by the profile at xlL=0.47 lower coo lant 
film velocities are therefore observed across the fron t half of the tile, with the 
higher velocities at xlL=0.84 being due to the addition of effusion cooling as 
indicated in Figure (4.3 -10). These increases in velocity are observed across the 
complete depth of the coolant film. The decay in turbulence levels along the tile 
length is similar to that observed fo r the datum with no effusion case as shown in 
Figure (4.3- 11). In other words, introduction of the effusion flow does not 
generating additional turbu lence, which may promote mixing of the coolant and 
mainstream fl ows. This is further indicated by similarity of the turbulence profiles 
at xlL = 0.84 for the with and without effusion patch. As shown in Figure (4 .3-
12), the turbu lence intensity profiles in the cooling film region are similar for both 
with and without effusion. 
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Figure 4.3-9 Coolant flow development along the tile (Datum with effusion). 
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Figure 4.3- 11 Turbu lence intensity along the ti le at zlH = 1.00 at slot mid height 
and tile lip mid height. 
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Figure 4 .3-1 2 Velocity and turbulence intensity profi les at circumferential 
location at xlL = 0.84 (after effusion patch) fo r both with and without effusion 
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Figure 4.3- 13 Velocity and turbu lence intensity profiles for various 
circumferenti al location at xlL = 0.84 (after effusion patch). 
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For the case without effusion, the profiles in the circumferential directions after 
the initial region in which the pedestal wakes mixes out are unifonn. However, 
with the introduction of an effusion patch, circumferenti al non-unifonnity may be 
introduced downstream of the patch. Figure (4.3 - 13) shows the velocity profiles 
and the turbulence intensity at xlL = 0.84. The data show the velocity profiles at 
different ci rcumferential locations (i.e. between two effusion holes, inline with an 
effusion hole and the outer radius of the effusion hole) . Generally, the velocity 
profiles in the circumferential direction are comparable which indicates effusion 
flow tends to lose its 3 dimensionality relatively quick ly. 
Overall mixing of the coolant and the mainstream flow is summarised by the wall 
cooling effectiveness along the tile in Figure (4 .3- 14). As already described for 
the datum without effusion cooling case, the cooling effectiveness reduces to 
about 0.8 at the end of the tile. The introduction of the effusion patch helps restore 
the cooling film whi ch then subsequentl y decays at a rate simi lar to that observed 
prior to the effusion holes. However, it can be seen that the effectiveness is 
enhanced over the rear 35% of the til e due to the introduction of the effusion flow . 
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Figure 4.3-14 Adiabatic wall cooling effectiveness along the tile. 
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Closure 
For the datum configuration cases, the mainstream turbulence is low and the 
growth of the coolant film will be detenllined either by: 
(i) turbulence generated by the coolant and mainstream velocity 
difference, whi ch in thi s case is rel ati vely small , or 
(ii) turbulence associated with the ini tial coolant conditions. 
For the operating conditions investi gated here (i.e. where mainstream and coolant 
velocity are comparable), the results suggest that the latter is the dominant 
process. The growth of the coolant film, as indicated by the veloc ity profi les, will 
be mainly dependent on the fluctuating component nonnal to the surface (v') but 
the hot-wire anemometer is sensitive to the streamline fluctuation (u'). In the 
initial region of development, the fl ow is an isotropic, (i.e. u' iv' "# w') however, 
downstream of thi s initial region of development, the flow will become isotropic 
i.e. u':::::: v' , 
The introduction of the effusion patch does not change the turbulent intensity of 
the fl ow and the mixing between the mainstream and the coolant is still 
dominated by the initial condition. By introducing the effusion patch at about 
50% along the til e, the cooling effecti veness at the end of the tile improves by 
about 35%. However, this improvement is not suffi cient to conclude the effusion 
patch is located at the optimum location. Further tests at different conditions 
would be needed before these questions can be answered and these results will be 
presented subsequently. 
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4.4 High mainstream turbulence configuration - Cylinder 
A cylinder with diameter D (4 times the s lot height , 4H), has been placed in the 
mainstream duct as described in Chapter 2. The results obtai ned can be used fo r 
compari son with those obtained fo r the low mainstream turbulence flow. Hence, 
although the mainstream fl ow conditions upstream of the cylinder are the same as 
those in the low mainstream configuration, at the leading edge of the tile 
conditions are significantly differen t. To compare the effect of the high 
mainstream intensity on the cool ing film, the mass flow thro ugh the cooling tile is 
kept the same as for the low turbulence configuration. 
To ensure the velocity profiles at the slot exi t are similar; profiles at the slot exit 
are compared for each configuration. Figure (4.4- 1) compares the velocity profiles 
at the slot exit of a high and low turbu lence mainstream condition with effusion. 
The slight variation in the velocity profiles are thought to be within experimenta l 
error, particularly when one cons iders the high turbulence levels in thi s region. 
Thus, similarity of these profiles suggests that the change in mainstream flow 
conditions has not affected the flow issuing rrom the cooling slot. 
Last row of 
pedestals 
- - Low mainstream 
-- High mainstream 
Tu 
(a) velocity Profiles (b) Turbulence intensity profiles 
Figure 4.4-1 Veloci ty and turbulence intensi ty profi les in the circumferentia l 
direction at x/L = 0.00 (Low and high mai nstream with effusion) 
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4.4.1 Cooling tile without effusion patch 
Mean velocity and turbulence profiles 
Figure (4.4-2) presents the velocity and turbu lence intensity profi les at various 
x/L locations which are ali gned with the cylinder centreline (zlD = 0.00). The 
sli ghtly lower velocities observed in the mainstream reflect the velocity deficit 
associated with the cylinder wake, with thi s deficit decreasing with downstream 
location. Not surpri singly higher turbulence levels are observed in the mainstream 
and decay with downstream di stance, but it is important to note that higher 
turbulence levels are also observed within the coo lant fi lm. 
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Figure 4.4-2 Flow development along the tile at zlD = 0.00 (Cylinder Without 
effusion Case) . 
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With the cylinder present, the turbulence intensities in the mainstream vary from 
approx imately 35% (x/L~O.O) to 20% (xlL~ 1.00) along the tile length with the 
turbulent length scales being comparable to the cylinder diameter. Figure (4.4-3) 
illustrates the fl ow behind the cylinder in the circumferential direction, at xlL ~ 
0.00, both in tenm of mean velocity and turbulence intensi ty. 
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Figure 4.4-3 Circumferential fl ow profiles behind cylinder at xlL = 0.00, y/H ~ 
3.30 
It is important to note that turbulence is generated by gradients in mean velocity. 
Hence the mean velocity gradients associated with the cylinder wake generates 
the desired high levels of turbulence. Thus, it is not surprising that changes in 
mean velocity associated with the cylinder wake can al so be observed. In other 
words, the wake from the cylinder is clearl y evident. To illustrate this point 
further, Figure (4.4-4) shows the decay of the velocity deficit relati ve to the 
downstream distance from the trailing edge of the cylinder. It can be seen that the 
velocity deficit decays initially at a very rapid rate so that by xID ~ 2 (xlL ~ 0.00), 
the defici t is about 50% and by xlD ~ 3 (x/ L ~ 0.47), the deficit is reduced to less 
than 30%. On the other band, examining Figure (4.4-5), the turbulence intensity 
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downstream of the cylinder shows that the turbulent intensity decays from 
approximately 35% (xlL = 0.00) to 20% (x/ L = 1.00). 
It can therefore be seen within the mai nstream flow both changes in mean 
veloc ity (and hence coolant/mai nstream velocity ratio) and turbulence have been 
introduced relative to the low turbulence (datum) configuration. Idea ll y, one 
wou ld want to study in iso lation the effects of (i) mainstream/coolant velocity 
ratio and (ii) effects of mainstream turbulence. However, the need to generate 
both high mainstream turbulence and sca les of turbulence means this is not 
practical. In addition, the situation simulated here is likely to be more 
representati ve of the combustion chamber environment. Nevertheless, it shou ld be 
remembered when viewing the results both mean veloci ty and turbulence have 
been altered relati ve to the data configuration . However, the relative impottance 
of their effects may, to some ex tent, be broadly indicated by the observed fl ow 
field changes that will be subsequently presented. 
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Figure 4.4-4 Velocity defi cit downstream oflhe cylinder. 
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Figure 4.4-5 Turbulence intensity downstream of the cylinder. 
Comparison of the mean velocity profiles a long the length of the ti le, with the low 
turbulence mainstream case without effusion, indicates signifi cant changes to the 
fl ow field as shown in Figure (4.4-6). The wake from the upstream slot lip is no 
longer clearl y defined whil st differences in the mainstream velocity (xlL ~ 0.47) 
are due to the velocity deficit associated with the cylinder. The significant 
tncrease tn turbulence intensity tn the mainstream can also be seen but, as 
mentioned earlier, the increase III turbulence levels is not restricted to the 
mai nstream region. Changes are also observed in the cooling fi lm region. The 
increase of turbulent intensity in the cooling film region can be as high as 50%. 
This suggests the mai nstream turbulence is having a significant impact on the 
cooling film . 
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Figure 4.4-6 Compari son of velocity profi le between the low and high mainstream 
turbulence. 
It has already been noted that the changes in turbulence intensity and scale, 
introduced by the cylinders, are also accompanied by change in mean ve locity. 
Hence, it could be argued that the observed changes to the flow fi eld are 
dominated by, for example, a change in mainstream to coolant velocity ratio 
rather than high mainstream turbulence conditions. However it is worth noting 
that the exponential type decay of the velocity deficit means that over most of the 
til e the change in mainstream velocity is relati vely small. FUlthennore, data that 
will be subsequently presented (for the single skin system) show the effect of the 
coolant/mainstream velocity di fference is to generate a shear layer between the 2 
streams which generates turbu lence and promotes mixing. However, the 
turbu lence intensity profi les presented here Figure (4.4-6) are broadly unifol1l1 
and , in particular, do not demonstrate a local peak in the turbulence intensity 
distribution between the coolant and mainstream fl ows. This suggests that it is the 
large scale and level of turbulence in the mainstream which are dominating the 
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mixing process. This is also refl ected in the turbulence intensity di stribution along 
the til e. 
Turbulence intensity distribution 
The impact of the high mainstream turbulence on the coolant film can be 
summari sed in tenns of the turbulence intensity measured in line with the 
upstream tile lip and at mid slot height (H/ 2) as shown in Figure (4 .4-7) . Relative 
to the original datum condition higher turbulence levels are immediately apparen t 
in the wake from the upstream til e and refl ect the higher mainstream turbulence 
cond itions. However, at mid slot height the turbulence levels are similar to the 
datum condition up to approx imately 2 or 3 slot heights downstream of the ex i t 
plane. Presumab ly, in thi s region the flow fi eld is still dominated by the flow 
cond itions issuing /Tom the coolant slot and suggests an initial potenti al core 
region where the cooling film development is unaffected by the high mainstream 
turbulence. However, further downstream the changes in turbulence intensity 
indicate penetration of the film by the turbulent mainstream flow conditi ons, wi th 
the turbulence levels becoming comparabl e to that of the mainstream 
approximately halfway along the til e. 
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Figure 4.4-7 Turbulence intensity along the ti le at zlH = 0.0 at slot mid height and 
tile lip mid height. 
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Cross correlation 
To fUli her illustrate the interaction between the two fl ow streams, signals fro m 
two hot wires, located at various positions in the mainstream and coolant film 
regions, were cross-correl ated. In thi s di scussion, the data presented is with 
effusion patch hence thi s wo uld mean that the correlation in the downstream of 
the effusion patch wo uld be weaker than in the case with no effusion. A station3lY 
hot-wire probe was placed in the coolant film region, at x1L = 0.28 and zlD = 1.05 
(i.e. away from the centreline of the cylinder). The second probe, which is the 
traversing probe, is used to measure the fluctuation at 3 di ffe rent measuring 
planes as mentioned earl ier, i.e. x1L = 0.47, 0.84 and 1.00. Figure (4.4-8) 
illustrates the location of the stati onary probe placed in the cooling film region. 
J\ 
v 
~~~~~~~~~~~~~~~~~~~~~~ 
_----')1 ~ __ 
~~~~~~~~~::~~~~~~:::: 
000000000000000000000 
0000000000000000000000 
z/D = 0.80 z/D = 1.0 
z/D = 0.50 -
-
zlD = O.OO - Slalionary probe 
xlL = 0.28 
~~ ;: .::.::.:: .:: ;: .:: ;: ;: ;: ;:;: ....................... ~ ~ ~ ............ 
:.::;:.:::.::.:::;:;: .::.:: 0 .;:.:;0;:- ......... .::-
C Sidewa ll Cylinde0L.. __ ---1 
Figure 4.4-8 Location of the probes fo r the cross-coITelation. 
Figure (4.4-9) and (4 .4-1 0) show the correlation across the cylinder i.e. zlD = 
0.00, 0.50 and 0.80, at x/L = 0.47. As the stationary probe is upstream of the 
traversing probe, the correlation occurs at negative time i.e. the negati ve peak 
magnitude occurs at -10 milli seconds fo r the point at x1L = 0.47, zlD = 0.80 and 
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y/H = 3.2 . As expected the magnitude of the correlation decreases when the 
traversing probe is further away fro m the stationary probe i.e. CCFo.oo < CCFo.5 < 
CCFO.80. Although not presented, this characteristic is also observed at xlL = 0.84 
and 1.00. Based on thi s correlation data it is worth noting that: 
u. 
(J 
(J 
i) there is a lateral extent over which the signals are correlated which 
is greater than the length sca les associated with the coolant film . 
This suggests penetration of the coolant film by the large turbulent 
mainstream fl ow structures, 
ii) it is to be expected that, in general, the correlation is positive 
between any 2 locations in the coolant film. Hence an increase(or 
decrease) in velocity associated with a large turbulent structure is 
observed at both measurement location. However, the correlation 
between the mainstream and coolant is negati ve. Thus an increase 
in mainstream velocity is accom panied by a decrease in coolant 
velocity and vice-versa. 
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Figure 4.4-9 Cross-correlation between the mainstream and the cooling fi lm 
(xlL = 0.47, y/H = 3.2). 
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Figure 4.4-1 0 Cross-colTelation in the cooling fi lm region 
(X/L = 0.47, y/H = 0.58). 
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Figure 4.4- 11 Cross-colTelation the cooli ng fi lm region (X/L = 0.47, zJD = 0.80) . 
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Figure 4.4-12 Cross-con-elation in the cooling film region (x/L = 0.84, zlD = 
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Figure 4.4-13 Cross-correlation in the cooling film region (xlL = 1.00, zlD = 
0.80). 
Figure (4.4-11) to Figure (4.4,1-13) show the cross con'elation at the 3 different 
downstream measurement planes i.e, 0.47,0,84 and 1,00 respectively at zlD = 0.8 
at different y/H locations (with y/H = 0,00 at the cooling surface) . [n general the 
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correlation magnitude does not seem to decrease wi th downstream location of the 
traversing pro be which again thought to indicate the relatively large scale of the 
turbulent flow structures. It can also be seen that the time T milli seconds 
associated with the peak con'elation increases with di stance, i.e. at xlL = 1.00 the 
peak occurs at -20msec while at xlL = 0.47 the peaks occur at -I Omsec. This is 
not surpri sing due to the increase in di stance between the two probes, and hence a 
longer time is required fo r the fl ow to be convected pass the wires. 
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Figure 4.4- J 4 Non-dimensional gas concentration profi les (high mainstream 
turbu lence) . 
The non-dimensional gas concentration profi les are presented in Figure (4 .4- 14). 
Relati ve to the low turbu lence cond ition the non-d imensional profi les exhi bit a 
general trend of profile broadening. In addi tion, differences are apparent between 
the pro fi les at the di fferent axial locati ons. It is thought this reflects the high 
mainstream turbulence that is now present and the turbulent viscosity (and hence 
di ffusion) associated with the mainstream flow is now having a major effect on 
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the development of the gas concentration profiles. The impact of the high 
mainstream turbulence is also indicated by the profile half widths that are 
presented in Figure (4.4- 15). In the datum case, it was seen that the profile half 
width was almost constant along the til e length whereas a linear increase in width 
with downstream location is indicated for the high mainstream turbulence 
conditions. 
The enhanced mixing of the coolant and mainstream flow is summari sed by the 
adiabatic wall t1l m effectiveness measured along the til e length as shown in 
Figure (4.4-1 6) . As shown in Figure (4.4-7), the turbulent intensity decay is 
similar for up to 3 slot heights irrespecti ve of the mainstream conditions. With 
thi s in mind it is worth noting that for the t1rst 3 slot heights or xlL < 0.25, the 
cooling effecti veness is similar for the high and low mainstream turbulence cases. 
After thi s initial development region of approximately 3 slot heights the wall 
effectiveness exhibits an almost linea r reduction along the remaining length of the 
tile, with a much greater rate of coolant film degradation being evident at the high 
turbul ence condition. Furthermore, these cooling effecti veness values are now 
more broadly comparable with those measured under engine representative 
condition, Spooner (2003) . It would therefore appear that the introduction of high 
mainstream turbulence levels with large length scales results in cooling 
effecti veness values more comparable wi th engine geometry. 
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4.4.2 Impact of effusion patch 
Figure (4.4-1 7) presents the velocity and turbulence intensity profiles for the high 
mainstream turbulence wi th an effusion patch (zlD = 0.00). Profiles at other 
circumferential locations i.e. zlD = 0.50 and 0.80 can be found in Appendix B. 
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Figure 4.4- I 7 Flow development along the ti le at zlD = 0.00 (Cylinder with 
effusion). 
With the introduction of the effusion patch and with high mainstream turbulence, 
the velocity in the coolant film region indicates much lower velocities over the 
front half of the til e as shown in Figure (4.4-18). As discussed previously some 
reduction is expected since the effusion flow reduces the amount of flow issuing 
from the coolant slots. The observed changes, though, are greater than expected 
and would suggest a more rapid break up of the coolant film over the front half of 
the tile. However, the velocity data suggests the film is restored towards the rear 
of the tile by the flow thro ugh the effusion patch. 
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Figure 4.4-1 8 Comparison of profiles with and without effusion patch at high 
mai nstream intensity. 
This agrees wi th the cooling effectiveness data as shown in Figure (4.4-1 9). The 
fi gure indicates the initial potentia l region of development fo llowed by a near 
linear reduction of effecti veness. For the case with effusion the rate of 
degradation is higher. However, the in troduction of the effusion flow restores the 
coolant film after which then continues to degrade at a rate comparab le with that 
observed upstream of the effusion patch. It is impOt1ant to note, though, that the 
overall minimum level of cooling effecti veness is significantly greater for the case 
with effusion. FUlthetmore, the effusion patch is considered to be at an optimum 
location when the minimum cooling effectiveness value, immediately prior to the 
effusion patch, is of similar magnitude of that at the trailing edge of the tile. In 
thi s case the similar levels of effectiveness observed immediately upstream of the 
effusion cooling and at the trailing edge of the tile suggest both that (i) the amount 
of effusion cooling and (ii) its ax ial location are correct for these high turbulence 
operating conditions. 
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Figure 4.4-1 9 Adiabati c cooling effecti ve along the til e. 
With the cylinder present the data suggest the high mainstream turbulence quickly 
penetrates the coolant fi lm also in this case mixing is enhanced by the mainstream 
flow conditions. It is also worth noting the near linear reduction in the wall 
cooling effecti veness and the increase in the coolant profil e width Figure (4.4-1 5) 
and Figure (4.4-1 6). The complete mixing process must be non-l inear since 
eventually the coolant will be fully mixed across the complete passage. However, 
it appears that the tile length CL) is small compared to the length over which thi s 
occurs so leading to the observed linear trends along the til e. 
The result demonstrates the effecti veness of the effusion patch. The introd uction 
of the patch improves the adiabati c cooling effecti veness at the traili ng edge by as 
much as 30%. In addition, the results also indicate that fo r the given effusion flow 
rate and at high mai nstream turbulence conditions the location of the effusion 
patch was approximately in the correct ax ial location. 
180 
Resu lts and Discussion - Double Skin System 
4.5 Cooling film unsteadiness 
The flow field and mixing characteristics have so far been described in terms of 
time-averaged profiles. However superimposed on the turbulence (or random type 
fluctuations) inside a combustion chamber can be large coherent structures or 
unsteadiness. This was simulated in the current expel;ment by removing the trip-
wire that was coiled around the cylinder so that periodic shedding of vortices 
from the cylinder would pass along the length of the tile. The Strohual number 
can be used to estimate the periodic frequency of vOltex shedding. 
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Figure 4.5- 1 Approximate relationship between Strouhal number and Reynolds 
number for circular cylinder (Houghton et al 2003). 
Figure (4.5-1), presents an approximate rel ationship between the Strouhal number 
and the Reynolds number of the flow stream. The figure shows that when the 
Reynolds number is above 5000 the Strouhal number is approximately constant. 
[n thi s study, the Reynolds number was 98000 resulting in a Strouhal number of 
0.21, which, at the rig operating conditions, gives a shedding frequency occurring 
at 25.2Hz. 
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Figure (4.5-2) shows the velocity profil e midway along the tile (xlL~0.47) 
together with the power spectral density (PSD) deri ved from the hot-wire 
measurements at several locations. For discussion purposes, the measurements at 
zlD~0.80 are used, however, data at other circumferential directions to the 
cylinder such as the centreline (zlD ~ 0.00) or inline with the radius (zlD ~ 0.50) 
can be found in Appendix D. In the mainstream passage, spectral peaks are 
observed at approx imately 25 Hz that are associated with the large coherent 
structures shed by the cylinder with the frequency being in good agreement with 
that of the published literature. However, what should be noted is that similar 
peaks are observed with in the coolant film and immediately adjacent to the ti le 
surface. 
It might be argued that the coolant film unsteadiness merely refl ects the 
penetration of the coolant film by the large mainstream fl ow structures, which can 
be seen in the instantaneous shots taken by the PlY measurement. Figures (4.5-3) 
and (4.5-4) show the instantaneous velocity vectors and contour of the fl ow 
ex iting the slot exit. Figure (4.5-3) shows a large structure penetrating ri ght into 
the cooling fi lm region. On another instant, Figure (4.5-4) shows the cooling fil m 
being drawn into the mainstream as indicated by the vectors. It might be worth 
noti ng that, in both Figures, the fl ow structures tend to affect the coolant region 
after 2-3 slots height downstream of the slot exit. This is presumably due to the 
potential core, which as shown in the previous data, has a lengtb of up to 3 slots 
height. However, what is interesting is that measurements are also presented at the 
coolant slot exit plane Figure (4 .5-5) which also indicate well -defined peaks in the 
turbulent spectrum. As already noted there is a potential core region (- 2-3 slot 
heights) onl y after which the mainstream turbu lence penetrates the coolant film . 
Hence the slot ex it unsteadiness suggests the observed effects are not associated 
with penetration of the coolant film by the vorti ces being shed ITom the cylinder. 
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Figure 4.5-2 Velocity profile and frequency spectra at various radial locations 
(X/L=0.47) 
One possible explanation is that the observed unsteadiness is a 'quasi-steady' 
effect associated with the pressure pelturbations generated by the coherent 
structures. For example, as described by Zdravkovich et al (1997) significant 
pressure pelturbations are generated by the votiex shedding behind a cy\ inder. 
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The changing mainstream stati c pressure, a nd hence static pressure at the coo lant 
slot ex it plane, may cause pel1urbations in the amount of flow issuing from the 
coolant slot so leading to the observed unsteadiness. The magn itude of thi s 
unsteadiness will be a function of various factors including the coolant film exit 
velocity and the mainstream static pressure perturbation. Furthennore, the 
relati vely small pressure drop across the 2nd skin, which detennines the mass fl ow 
di stribution wi thin the til e, is also likely to make the coolant film more sensiti ve 
to such effects. It therefore appears that superimposed on the turbulence can be an 
unsteadiness that acts on the mixing layer when large-scale coherent structures are 
present in the mainstream fl ow. For small pel1urbations, this will cause a change 
in the bu lk movement of fluid but wi ll not contribute to the growth and mixing of 
the coolant film. However, some of the large coherent structures and pressure 
perturbations that may arise in modem combustors could give rise to relatively 
large levels of unsteadiness (including fl ow reversal) and hence thi s would have a 
significant effect on the coo ling perfonnance. 
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Figure 4.5-5 Turbulent spectra at slot exi t (x/L = 0.00, y/H = 0.588) 
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4.6 Effects on film cooling effectiveness with varying cylinder' parameters 
This secti on studies the effects on the cooling film of (i) varying the di ameter of 
the cylinder and (ii) the di stance between the cylinder and the slot ex it. In the 
fonner, a cy linder with a di ameter half of the current study was pl aced at the same 
non-dimensional axial location upstream of the slot exit (i. e. 2 D). For the second 
test, using the same cylinder of smaller di ameter, the axial location of the cylinder 
was increased to four di ameters upstream fro m the slot exit. This con·esponds to 
the same abso lute ax ial position at which the large di ameter cylinder was located. 
Figure (4.6-1) illustrates the axial position of the cylinder relati ve to the slot ex it 
for the different test configurations. In all configurations, the measurement 
stations are maintained at xlL = 0.47, 0.84 and 1.00 where 0.00 is the s lot ex it. It 
should be noted that in teIlllS of nomencl ature " 0 " refers to the di ameter of the 
large cylinder (as di scussed in secti on 4.4) whil st "d" refers to the smaller 
cylinder di ameter. 
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Figure 4.6-1 Axial position of the cylinder relati ve to the slot exit fo r the different 
test configurations. 
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4.6.1 Effect of cylinder diameter 
The objective of this simulation is to study the effect of the cylinder diameter on 
the cooling film. This was achieved by comparing the data obtained from the 
smaller cylinder diameter with the larger cylinder obtained earlier. Clearly, by 
reducing the diameter of the cylinder by 50%, both (i) the influence of the wake 
on the mainstream velocity profiles and (ii) the turbulence intensity and sca le will 
be affected . 
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Figure 4.6-2 Coolant flow development along the tile at zlD = 0.00 ( 0.5 D and 
located at 2d upstream of the cooling slot, with effusion). 
The radial velocity profiles at various measurement stations along the tile for the 
smal ler cylinder are presented in Figure (4 .6-2). The wake due to the upstream 
slot lip can be clearly seen. The two different regions, i.e. mainstream and 
coolant, can be clearly identified. The data also shows the velocity deficit due to 
the cylinder wake. By xlL = 0.84, the wake from the cylinder is almost negligible. 
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Figure 4.6-4 Turbulence intensity decay along the til e 
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Figures (4.6-3) and (4.6-4) compare the change in the velocity defi cit and 
turbulence intensity of the two different cylinders. In ten11S of velocity deficit, 
both cases decay rapidly from I to less than 0.3 with in 3 cylinder diameters. 
Alternatively, turbulence intensity remains relatively high along the length of the 
til e. The turbu lence intensity in the coo ling film region , as shown in Figure (4.6-
5), suggests, not surpri singly, the mainstream turbu lence is lower for the 0.5D 
cyli nder when compared to the I D cylinder. This is not surpri sing since in 
absolute tenns the effects of the cy linder on the mainstream flow will decay twice 
as rapidly for the small diameter cylinder. 
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Figure 4.6-5 Decay of the turbulence intensity in the mid slot height 
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Figure 4.6-6 Effect of cylinder diameters on the adiabatic cooling effectiveness 
along the tile. 
Figure (4.6-6) shows the adiabatic cooling effectiveness along the tile for both the 
cylinders. Again, there is evidence of a potential core region with a similar decay 
of cooling effectiveness being observed along the initial 25% of the ti le 
presumably reflects the impact of the different turbulence levels and scales of 
turbulence generated by the different size cylinders. 
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4.6.2 Effect of cylinder axial location 
This study investigated the effect of the ax ial position of the cylinder relati ve to 
the cooling fi lm . As already mentioned, the smaller cylinder is placed 4 diameters 
upstream from the slot ex it and will be compared wi th the cylinder placed at 2 
diameters upstream. The measuri ng stati ons are at the same positions along the 
til e as in the preceding tests (i.e. at x/L = 0.47, 0.84 and 1.00). 
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Figure 4.6-7 Coolant fl ow development along the til e zlD = 0.00 (Cylinder at 4 
d iameter upstream of the cooling s lot, with effusion). 
Figure (4.6-7) shows the velocity and the turbulence intensity pro fil es at the 
various measuring stations with the cyli nder located at 4 diameters upstream of 
the slot ex it. Like in the preceding cases, the velocity pro fi les are presented at xlL 
= 0.47,0.84 and I. 
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Figures (4.6-8) and (4.6-9) compare the velocity deficit and turbulence intensity 
levels of the cylinder at 2 diameters and 4 diameters upstream of the cooling slot. 
Not surpri singly, as the cylinders are of the same diameter and the ax ial location 
is plotted in non- dimensional fo nn the data fa ll s onto a single curve. Hence the 
data clearly illustrates how changing the axial position of the cylinder (relative to 
the tile), exposes the coolant film to different mainstream fl ow conditions. The 
impact of thi s is indicated in Figure (4.6- 10) where the intensity levels at the mid-
slot height are presented along the tile. As the cylinder is displaced fUl1 her 
upstream of the slot, so the mainstream turbu lence intensity is reduced as the 
interaction with the coolant film lowers the turbu lence intensity in the cooling 
fi lm region. Not surprisingly, the gas tracing measurement as shown in Figure 
(4.6- 11 ), further indicates that less mixing of the coolant and mainstream flow 
occurs when the cylinder is 4 diameters upstream of the cool ing slot. 
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Figure 4.6-10 Decay of the turbulence intensity in the mid slot height 
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cooling effecti veness along the ti le. 
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4.7 High mainstream turbulence configuration - Distorted inlet velocity 
profile 
In thi s test configuration the inlet velocity profile in the mainstream is di storted 
with the peak velocity biased towards the coo ling fi lm . This simulates a more 
reali sti c mainstream fl ow profile in the combustion chamber. Tests were obtained 
with a variab le mean velocity profile across the mainstream duct and at 2 different 
blowing rati os (M = 0.49 and 0.60 i.e. Iow and high M respecti vely). The mean 
veloci ty profiles at the tile leading edge (xJL=O.OO) are presented in Figure (4.7-
I). These values are based on the rati o of average coolant velocity (with no 
effusion) to the mainstream peak velocity at x/ L=O.OO. Typical mainstream 
turbulence intensity values varied between approximately 60% (xJL=O.OO) and 
20% (1.00) and hence were greater than for the cylinder configurati on (30% to 
15% respecti vely). 
Figure 4.7-1 Inlet flow profi les at xJL = 0.00 for both low and high blowing ratio 
cases. 
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The coolant massflow is maintained constant as in the other studies as shown in 
Figure (4.7-2) . Figure (4.7-2) presents the flow at the slot exit for the three 
different cases (low mainstream turbulence and high mainstream turbulence with 
M = 0.49 and 0.60). It can be seen that the velocity profile for the high 
mainstream turbulence does not vary and is comparable to the low mainstream 
turbulence case. Not surprisingly the turbulence intensity profiles at the slot ex it 
are also comparable to those from the low mainstream turbulence. 
- Low mainstream 
- High mainstream 
(M ~ 0.49) 
- High mainstream 
~ 0.60) 
(a) velocity Profiles (b) Turbulence intensity profi les 
Figure 4.7-2 Velocity and turbulence intensity profiles in the circumferential 
direction at xlL = 0.00 (M = 0.49 and 0.60) 
Figures (4.7-3) and (4.7-4) present the profile development along the tile length 
for veloci ty ratio M = 0.49 and 0.60 respectively with the effusion patch. It can be 
seen clearl y that the effect of changing the inlet veloci ty profile i.e. fi'om M 0.49 
to 0.60, is evident along the complete length of the til e. It should be noted though 
that at M = 0.6, the di storted inlet velocity profi le decays more rapidly than for 
the case at M = 0.49. 
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As the inlet profi le is highly sheared, the turbulence intensity in both cases is 
high. The turbulence intensity remains high even at the end of the til e (- 30%) 
unlike in the case of the cylinder where the intensity has significantly reduced by 
x1L = 1.00. In both cases, the turbulence intensity profiles are relatively uniform 
across the rad ial direction. 
Although hot-wire measurement was not calTi ed out for the di st0l1ed velocity 
profiles with no effusion patch, the adiabati c wall cooling effecti veness along the 
til e was measured as shown in Figure (4.7-5). As previously observed an initial 
region of cooling film development is evident and thi s is unaffected by the 
mainstream conditions. The effecti veness then undergoes an almost linear 
reduction downstream of this initial region with the lower veloci ty ratio condition 
not sU'1Jri singly exhibiting the lowest effectiveness va lues . However, it should be 
noted that the rate of film degradation does reduce towards the end o f the tile . 
This is thought to con'espond to a region where the coolant has penetrated across 
the who le of the mainstream duct. In other words, the size of the mainstream duct 
is now probably stm1ing to influence the mixing process as the 2 streams tend 
towards a fully mixed conditi on. The effectiveness value fo r thi s full y mi xed out 
condition is approx imately 0.30 based on the amount of the coolant and 
mainstream massfl ow into the rig. 
With the introduction of the effusion patch, the initial region that is unaffected by 
the mainstream condition can be seen. The rate of decay for the case with effus ion 
is faster than with no effu sion, due to the reduction in coolant massfl ow injected 
through the coolant slot. Although the rate of decay of the first half of the til e 
maybe greater, the effectiveness of the effusion patch can be seen at the trailing 
edge of the til e. There is an increase of the adiabatic wall cool ing effectiveness of 
about 8%. By comparing the rate of decay between the M = 0.49 wi th effusion 
and M = 0.60 wi th effusion, it is evident that at M = 0.60, the decay is much 
slower than that at M = 0.49. Finally, the Figure (4.7-5) again demonstrated that 
the location of the effusion patch is approx imately at the right position as the 
cooling effectiveness before the patch and the trailing edge of the tile has similar 
cooling effecti veness value. 
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4.8 Closure of double skin system 
The fo llowing summarises some of the findings discussed above. 
I) The most signifi cant pressure loss across the double skin system 
occurs across the I st skin (80%), whil st the L> P across the 2nd skin 
(20%) detennines the flow split within the til e. 
2) There is clear evidence that ingestion of the mainstream flow occurs in 
the slot exit region. This is due to the wake from the upstream lip and 
that from the last row of pedestals. This process degrades the coolant 
fi lm ex iting the slot and hence the cooling effectiveness along the til e. 
3) In the low turbulence intensity configuration, the break up of the 
coolant film is mainly dominated by the initial fl ow condi tions at ex it 
of the cooling slot. 
4) With a cylinder placed upstream of the cooling til e a more rapid break 
up of the coolant film is observed. This is thought to be dominated by 
the high turbulence levels generated by the cylinder. 
5) Similar enhanced break-ups of the coolant film are observed fo r the 
case with distorted inlet profil es in the mainstream flow. 
6) For the double skin geometty and the given massflow, the ax ial 
location of the effusion patch ap pears to be placed at an optimum ax ial 
position fo r the condi tions tested. This can be seen from the plots of 
cool ing effectiveness along the ti le. Since the values before the 
effusion patch and the value at the trai ling edge of the til es are similar. 
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Chapter 5 Results and discussion - Single Skin System 
Results are presented for the single skin system but, where appropri ate, these will 
be compared with the double skin data previously presented in chapter 4. The data 
is compared along comparable lengths (L) that represent either I til e or, for the 
single skin system, I bay of a fl ame tube liner. 
For the purpose of comparison with the double skin system, the sing le skin is 
operated at 2 di fferent cooling fl ow rates. The first operating condition is to 
maintain the same pressure drop as that fo r the double skin system. This is 
analogous to comparing the perfonnance of the 2 cooling systems for a given 
engine application, i.e. for the same pressure drop across a fl ame tube liner. The 
second operating condition corresponded to the coolant fl ows being kept the same 
for the single and double skin systems. This allowed the coolant film perfo nnance 
to be compared fo r the same coolant mass flow. Not surpri singly, these conditions 
are tenned the 'constant pressure' or 'constant mass-flow' mode of operation. 
Tabl e (5-1 ) summarises the tests conducted on the single skin system together 
with a summary of the test description and the mai nstream turbulence intensi ty. 
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Nos. Description Mainstream Tu (%) 
0 1 Datum, Without effusion Constant Mass flow I 
02 Datum, With effusion Constant Mass flow I 
03 Datum, Without effusion Constant Pressure drop I 
04 Datum, With effusion Constant Pressure <20 Drop 
05 Tripped Cylinder, Without effusion Constant Mass <20 flow 
06 Tripped Cylinder, With effusion Constant Mass fl ow <20 
07 Tripped Cylinder, Without effusion Constant Pressure drop <20 
08 Tripped Cylinder, With effusion Constant Pressure <20 drop 
09 
Distorted inlet profile, Without effusion 
<20 Constant Mass fl ow 
10 
Distorted inlet profile, With effusion 
<20 Constant Mass flow 
II 
Distorted inlet profile, Without effus ion 
<20 Constant Pressure drop 
10 
Distorted inlet profile, With effusion 
<20 Constant Pressure drop 
Table 5- 1 Summary of the tests conducted on the single sk in system. 
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5.1 Pressure drop and coolant flow characteristics 
Once the ri g had been commissioned with the single skin test section, the pressure 
drop across the cooling bay and the corresponding coolant mass flow were 
measured. This was achieved by running the fa n at various speeds and measuring 
the pressure drop across the single skin system at the locations marked A (coolant 
plenum) and B (mainstream duct) in Figure (5. 1- 1). At the same time, the amount 
of mass fl ow entering the coolant circuit was also recorded. 
As mentioned earli er, there are two possible operating conditions, i.e. constant 
pressure drop or constant massflow. By operating the single skin system with the 
same pressure drop as that used fo r the double skin , an additional 30% of coolant 
flow passes through the single skin. This refl ects the benefits associated with the 
interna l geometry of the double skin system that pelmits, for a fixed liner pressure 
drop, an acceptable temperature to be maintained with less cooling flow. As for 
the double skin system, measurements both with and without the effusion flow 
could be undertaken and the change in system effecti ve area deri ved. Based on 
thi s it was estimated that 13% of the coolant flow is introduced into the 
mainstream via the effusion patch compared with 25% fo r the double skin system . 
The di fference in flow through the effusion patch is attributed to the various 
geometrical differences between the two systems. For example, in the single skin 
system the diameter of the effusion hole is half the diameter of the double skin 
system, the pitch of the single skin is larger than the double skin , there are 
di fferences associated with the number of skins etc. 
Tapping ' A' • 
Coolant plenum 
L § _~ __ 
Mainstream duct 
Tapping 'B' • 
Figure 5.1- 1 Location of the static tappings across the test section - (Single skin 
system). 
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5.2 Coolant film exit condition 
In contrast to the relati vely complex internal geometry associated with the double 
skin system, the slot flow in the single skin system passes through a number of 
discrete holes (known as the machined ring) before entering the mixing plenum . 
In the mixing plenum the di screte j ets fo rmed by the machined ring will , 
hopefu lly, mi x-out prior to ex iting th rough the coolant slot. It is also worth noting 
that there are signi fican t geometrical differences between the two coolant slot ex it 
planes with the single skin having (i) a slot height 20% smaller, (ii) a lip that is of 
33% greater thickness and (iii) angled relati ve to the double sk in system. 
Attempts have been made to illustrate these geometrical differences on the 
coolant slot ex it plane velocity profil es presented in Figure (5 .2-1 ). The figure 
presents the profil es at the coolant slot ex it plane fo r the constant mass flow 
condition. 
Despi te the small plenum downstream of the metering holes, circumferenti al 
vati ations are observed in the fl ow fi eld as it issues from the coolant s lot with, not 
surprisi ngly, higher/lower velocities being observed when in linelbetween cool ing 
holes Figure (5.2-1 ). In addition, a strong radial bias is evident in the flow that is 
presumably due to the fl ow issuing from each meteri ng hole and impinging onto 
the internal surface of the plenum li p. As to be expected when effusion is 
introduced fo r the constant massfl ow operating condition the slot exit velocities 
decrease to reflect the reduced amount of flow issuing from the coolant slot. 
Figure (5.2-1 ) presents the velocity profil es of the coolant at the constant mass 
flow condition whil st Figure (5.2-2) shows the profil es for the constant pressure 
condition against that of the constant mass flow condition inline wi th a machi ne 
hole. It can be seen clearl y that the velocity profil es in the constant pressure 
condition are greater than that of the constant mass fl ow case. This refl ects the 
increase mass fl ow of 30% at the constant pressure condition. Comparison 
between the single skin system slot exit profi les (as in Figure (5.2-2) to the double 
skin system as shown in Figure (4.2-2» indicates that circumferenti al vari ations in 
velocity are less, but a more radial bias to the pro fil e is apparent. Furthernlore, 
despite the simpler geometry the turbulence levels at the exit of the single and 
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double skin systems are comparable. Again, these high turbulence levels will , to 
some extent, impact on the accuracy of the measured values in thi s region. 
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Figure 5.2-1 Flow profil es at the slot ex it for with and without effusion at constant 
mass fl ow condition. 
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Figure 5.2-2 Comparison offl ow profiles at slot exit between the constant mass 
fl ow and constant pressure conditions inline with machine hole. 
It is worth considering the impact of the different cooling skin geometry on the 
coolant slot to mainstream velocity ratio. Note that, un less otherwise stated, the 
bul k mai nstream mass flow was approximately constant for the tests descri bed. 
For the double skin system with no effusion, tests were perfonned at a blowing 
ratio of 1.0 that, for the same mainstream mass flow, reduced to approximately 
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0.75 with effusion present. Wi th the same pressure drop it should be noted that (i) 
30% more coolant passes through the sing le skin system, (ii) the proportion of 
cooling flow issuing trom the effusion holes and coolant slot is different and (iii) 
the exit area of the coolant slots for each geometry is different. A simple ID 
analysis based on local area and mass flow rates suggests that with no effusion the 
coolant slot to mainstream blowing ratio is approximately 1.6 for the single skin 
system compared with 1.0 for the double skin . Likewise with effusion present the 
blowing ratio increases trom 0.75 (double skin) to approximately 1.4 (single 
skin). These changes in blowing ratio refl ect (i ) the higher coolant flow associated 
with the single skin system together with (i i) other changes in slot geometry. ote 
that the higher blowing ratios associated with the single skin system are refl ected 
in the velocity profil es presented since they have been made non-dimensional by 
the mainstream velocity (Urer). 
Figure (5.2-3) shows the gas concentration profiles of the flow exiting from the 
slot for the constant mass flow condition. There is no difference whether the 
pro fil e is measured inline with the machined ring hole or between holes. Unlike in 
the doubl e skin system the gas concentration shows that the flow exiting from the 
slot is free trom any contamination from the mainstream flow. This is clearly 
desirable in terms of cooling perfo rmance and ind icates that premature break up 
of the coolant film does not occur due to mai nstream gas being ingested into the 
coolant slots. 
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Figure 5.2-3 Gas concentration at the slot exit 
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5.3 Low mainstream turbulence configuration 
In thi s configuration, the mainstream condition is comparable to that of the double 
skin system from the low turbulence condition i.e. the mainstream profil e is 
uni fo nn across the mainstream duct with a turbulent intensity of approx imately 
I %. As mentioned earli er, the two modes of operation that the coolant can be set 
to, namely (i) constant pressure or (ii) constant massfl ow (as in the double sk in 
system) will be presented. The following sub-secti on will discuss the fi ndings at 
both coolant cond itions whil st keeping the mainstream condition constant. The 
data wi ll be compared to the double sk in system where possible. 
5.3.1 Cooling slot without effusion patch 
For a pressure drop across the system that is comparab le to the double skin tests, 
i.e. constant pressure, the velocity profi les that develop along the bay are 
presented in Figure (5.3 -1 ). 
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Figure 5.3-1 Coolant flow development along the bay (constant pressure without 
effusion) . 
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As already described the higher (- 30%) coolant fl ow and smaller slot exit area 
relative to the double skin system results in an effective increase in velocity ratio . 
Consequentl y, relati ve to the mainstream fl ow higher coolant velocities are 
observed along the complete length of the bay and a wall jet type characteri stic is 
observed. Furthennore, the angled lip at the coolant slot ex it will also influence 
coolant fi lm development and encourage the movement of fluid towards the liner 
surface and the establishment of this jet. These results can be contrasted with the 
equi valent do uble skin res ults shown in Figure (5 .3-2) where coolant velocities 
are comparable with the mainstream. 
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Figure 5.3-2 Compari son of profiles at xlL = 1.00 between the double and single 
skin system at datum without effusion. 
Figure (5.3 -3) presents the mean velocity profiles when the mass flow condi tion is 
similar to that of the doub le skin system. Note that even when the coolant mass 
flow of the two cooling systems is comparable, hi gher velocities can still be 
observed in the coolant fi lm region of the single skin . This again is pres umably 
due to the reduced area at the coolant slot exit and the angled lip . Figure (5.3-4) 
compares the velocity profi le at xlL = l.00 between the single and double skin 
system at constant mass fl ow. Even at the trailing edge of the system (xlL = l.00), 
the effect of the higher coolant momentum in the single skin system can still be 
seen. 
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Figure 5.3-4 Comparison of profi les at xlL = 1.00 between the double and single 
skin system. 
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In the above figures, the turbulence intensity di stribution indicates the coolant 
film has a high initial intensity level and then decays along the length of the bay 
as was observed in the double skin system . However, it should also be noted that 
in this case the sheared velocity profile, generated by the difference in mainstream 
and coolant velocities, leads to the generation of turbulence unlike in the double 
skin system. Thus at the various ax ial locations along the bay a locali sed peak in 
the turbulence intensities is observed in the region typically of sheared flow that 
separates the coolant and mainstream fluid. Furthennore, as the coolant mass flow 
is increased so wi ll the mainstream and coolant velocity difference thereby 
increasing the production of turbulence in this region. Hence at xfL: 1.00 
turbulence levels are higher for the constant pressure condition due to this effect 
as shown in Figure (5 .3-5 (b)). 
Also presented is a comparison of the turbulence levels within the coolant film 
and mid lip region at various locations along the tile Figure (5 .3-6). Note that in 
this case, no PlY data was obtained and hence va lues can only be presented at a 
limited number of spatial locations. Figure (5.3-6(a)) shows the decay of 
turbu lence intensity for the constant mass flow condition whi lst Figure (5 .3-6(b)) 
presents the constant pressure condition. For the coolant film , the decay of 
turbulence is again similar to grid type turbulence and this observation is in broad 
agreement with Sturgess (1980) although, in thi s case, it is the pitch of the cooling 
holes with.in the cooling ring that is the relevant dimension. In thi s particular case, 
higher levels are also evident in the mid-height lip region, which, as already 
mentioned, is thought to be associated with the production of turbulence due to 
the different mainstream and coolant veloci ti es. 
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Figure 5.3-6 Turbulence decay in the cooling film region. 
The aforementioned flow field characteristi cs can be used to explain the measured 
adiabatic wall cooling effectiveness distributions as shown in Figure (5.3-7). For 
this low turbulence condition it should be noted that the single skin cooling 
effectiveness values along the bay are less than those of the double skin system. 
This is due to the effective increase in velocity ratio leading to the shear layer 
fonned between the coolant and mainstream flows which generates turbulence. 
This in turn promotes mixing between the coolant and mainstream fluid hence 
giving ri se to a reduction in cooling effectiveness. Furthennore, it might be 
thought that the 30% increase in coolant flow associated with the constant 
pressure condition should improve the effectiveness (due to the increased amount 
of coolant). However, the measured effecti veness values for these operating 
conditions are broadly comparable. Again, thi s higher coolant fl ow condition will 
increase the mainstream/coolant velocity di fference thereby increasing the 
generation of turbulence and offsetting the effects of an increased coolant flow. 
Such observations are in broad agreement with , for example, Bittlinger et al. 
( 1994), who investigated the effects of b lowing (and hence velocity) ratios 
associated with flow issuing from a simplified tangential slot. They found that for 
velocity ratios above unity the larger amount of cooling air is compensated by an 
increase mixing between the mainstream and cooling air, hence film effectiveness 
remains more or less constant. 
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Figure 5.3-7 Adiabatic wa ll cooling effectiveness along the bay at low 
mainstream turbulence 
5.3.2 [mpact of the effusion patch 
This study is mainly used to compare the coolant film characteristic of a double 
skin to a conventional single skin system. However, it is also worth noting that 
despite a lot of work being done on effusion cooling, there is no work reported on 
effusion holes wi th boundary conditions similar to that f011l1ed by the flow issuing 
from an upstream machined ring. 
The effusion patch consists of two rows of angled effusion holes located at x/L 
= 15% (as described in chapter 2). Figure (5.3-8) presents the velocity and 
turbulence intensity along the bay for the constant mass flow condition with 
effusion. Figure (5.3-9) presents the velocity and turbulence intensity along the 
bay at the constant pressure flow condition with effusion. 
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With the introduction of the effusion patch, the massflow exiting from the slot 
will be reduced for the constant mass flow condition (- 13% of the total mass 
flow). This reduction is evident in the velocity profil es, with and without effusion 
at xlL = 0.13 Figure (5.3-10(a». However, downstream of the effusion patch the 
veloci ty pro fil es are comparable when the system is operated either with or 
without effusion Figure (5 .3 -1 O(b ». The turbulence intensity profiles are simi lar 
bo th with and without effusion. As with the double skin system, the turbulence 
in tensity profil es shown in Figure (5.3 -11 ) therefore suggesting that the 
introduction of effusion flow does not generate additi onal turbulence and mixing. 
Figure (5.3 -1 2) shows the adiabati c wa ll cooling effectiveness along the cooling 
bay with the effusion patch. It can be seen that the effusion patch does help re-
store the cooling film , but the effectiveness at the trailing edge is only improved 
by 6%. This may suggest either that the amount of fluid injected through the 
effusion patch might not be suffi cient or the patch is located too near the slot ex it. 
This could result in the trailing edge of the bay being exposed to a lower cooling 
effecti veness than the double skin system. In other words, the upstream part of the 
bay is over-cooled whil st the downstream part o f the bay is under-cooled. In 
addition, the rate of decay for the first 13% of the bay seems to be ident ical fo r all 
the cases, i.e. regardless of constant mass flow, constant pressure, with or without 
effusion patch. This is presumably due to the initi al coolant condition. 
Downstream of this region the decay rate is similar for the without effusion case 
at the di fferent operating conditions (i .e. constant massflow and constant pressure) 
and likewise for the case with effusion aga in suggests the impOltance of the 
mixing associated with the production in turbulence due to the velocity di fference 
between the coolant and mainstream. 
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Figure 5.3-11 Turbulence decay in the cooling film region 
In the double skin system the blowing ratio IS maintained at 1.0 in the low 
mainstream turbulence configuration. Hence, the shearing effect generated 
between the mainstream and coolant flows is at a minimum . However, it is worth 
noting that operation at di fferent conditi ons (e.g. a low blowing ratio) will 
generate similar characteri sti cs that are observed for the single skin. For example, 
operating at a blowing ratio of O.S will , due to the mainstream and coolant 
velocities di fference, produce turbulence and hence influence mixing between the 
2 streams. 
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S.4 High mainstream turbulence configuration - Cylinder 
5.4.1 Cooling slot without effusion patch 
With the cylinder present, a set of velocity pro fil es are included along the tile 
length for the constant mass flow condition as shown in Figure (5.4-1 ). Also 
included is a compari son of the profil es for the datum and high mainstream 
turbul ence conditions at xlL=O. 13 in Figure (5.4-2). These distributions suggest 
that: 
(i) the mainstream turbulence levels are generally greater than those 
generated within the shear layer fonned at the interface of the 
mainstream and coolant flows and 
(ii) the large mainstream turbulence levels and length sca les are less able 
to penetrate the coolant film , which is of higher momentum due to the 
increased velocity ratio, than that observed for the double skin system. 
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Figure 5.4-1 Coolant flow development along the cooling bay (constant mass flow 
without effu sion) . 
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and low mainstream turbulence at constant mass flow condition. 
This velocity field infonnation can then be used to explain the wall cool ing 
effectiveness distributions in Figure (5.4-3). For the double skin system with a 
velocity ratio of approximately 1.0, the reduction in cooling effectiveness at low 
mainstream turbulence conditions is relatively small , but a large change in 
effectiveness is observed fo r the high turbulence conditions. For the single skin 
system, it has already been explained how the effective increase in velocity ratio 
results in a higher momentum coolant film, but the shear layer and associated 
turbulence generated between the coolant and mainstream flows lowers the 
effectiveness for the datum (low turbulence) condition. However, thi s higher 
momentum coolant film is less susceptible to the impact of large mainstream 
turbulence levels and turbulence sca les thereby reducing the impact on cooling 
effectiveness at the high mainstream turbulence conditions. Not surpri singly, 
though, at these high mainstream turbulence conditions the benefit of increasing 
the coolant mass flow is apparent on the cooling effectiveness di stributions. With 
high mainstream turbulence, it is also worth noting that generally the single skin 
effectiveness values exhibit lower values in the front half of the tile compared 
with the double skin system. Presumably, this is due to the mixing that is 
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promoted by the difference in mainstream and coolant velocity, which is greatest 
towards the leading edge of the til e. It is only along the rear half of the til e where 
the benefi ts of thi s hi gher momentum coolant fluid are observed in tenns of 
reducing the impact of the mainstream turbulence. 
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5.4.2 Impact of the effusion patch 
Figure (5.4-4) presents the velocity and the turbulence intensity of the flow along 
the cooling bay. The effect of the effusion can be seen by comparing the profiles 
at x/L = 0.13 (upstream of the patch) for both with and without effusion and at 
xlL = 1.00 as shown in Figure (5.4-5). As was the case fo r the low turbulence 
mainstream condition, the turbulence intensity along the bay decreases as the 
downstream distance increases. In addition, the turbulence profiles indicate that 
the presence of the effusion patch does not significantly increase the turbulence 
intens ity since intensities both with and wi thout are comparable. In other words, 
there is no increase or decrease in turbulence intensi ty with the introd uction of 
effusion. It is not surprising these observations are similar to those for the case 
with low mainstream turbulence. 
o ~------------~~~------------~ ~~~--------~ 
Figure 5.4-4 Coolant flow development along the cooling bay (constant massflow 
with effusion). 
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Figure (5 .4-6) presents the adiabati c wall cooling effecti veness along the wall fo r 
the cylinder cases with an effusion patch. It can be seen clearl y that fo r the initial 
13% of the til e the cooling effecti veness is similar. With the introduction of the 
effusion patch the cooling effectiveness at the trailing edge of the til e increases 
from - 62% to 66% for the constant pressure condition whil st for the constant 
mass fl ow it increases from -57% to 60%. As mentioned earli er, unlike the 
double skin system the effectiveness value prior to the effusion patch is 
signi ficantl y greater than the value at the end of the cooling bay. As has also been 
clearly indicated relative to the double skin system the effusion patch is closer to 
the coolant slot. Hence, these results suggest the single skin effusion patch should 
be moved further downstream. 
It is also worth comparing the aforementioned observati ons with those outlined by 
Kohli et al ( 1997), although it is important to note these latter observations were 
based on measurements downstream of a single row of effusion holes. For low 
free-stream turbulence, it was found that turbulence mixing and dispersion of the 
coolant was primaril y due to the turbulence structures generated by the 
mainstream and coolant jet shear layer. Alternati vely, fo r high free-stream 
turbulence thi s shear layer generated turbulence was superseded by large scale 
structures from the fi·ee-stream. Hence, although these tests were perfornled on 
geomehy that was signifi cantly different to that tested here broadl y similar 
observations have been made. 
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5.5 High mainstream turbulence configuration - Distorted inlet velocity 
profile 
In thi s section, the mainstream inlet velocity profile is distorted in a similar 
manner to that described for the doubl e skin system. The velocity profile 
development for the constant mass flow condition is presented in Figure (5.5 -1 ) 
whil st the constant pressure condition is presented in Figure (5.5-2) . In both cases, 
the di stotted inlet velocity pro fi le decays very rapidly. For example at constant 
mass flow with effusion, at xlL = 0.00, U/U"ef - 1.5 but by xlL = 1.00, U/Urcf has 
reduced to - 0.65. The turbulence intensity di stribution indicates that the inlet 
mainstream pro fil e is highl y sheared and the rate of decay of the turbulence 
intensity is rapid. As di scussed earli er in section 5.4, the high momentum coolant 
reduces the mainstream turbulence penetration into the coolant fi lm, and thi s is 
fu tther confinned by comparing the turbulence intensity in the coolant region 
with the mainstream. Figure (5.5-3) shows the turbulence intensity along the bay 
at two different locations in the coolant region, (i) mid - height of the coolant 
region and (ii) the mid-height of the lip. 
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Figure 5.5-1 Coolant flow development along the cooling bay (constant mass flow 
with effusion). 
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Figure 5.5-2 Coolant flow development along the cooli ng bay (constant pressure 
with effusion). 
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Figure 5.5-3 Turbulence decay in the cooling film region. 
Not SU1l)[i singly for the lower momentum coolant flow (i .e. constant mass flow 
condition), the mainstream turbulence intensity seems to have a greater influence 
on the coolant region. On the other hand, at the higher coolant momentum, the 
penetration is less severe. 
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Figure 5.5-4 Adiabatic wall cooling effectiveness along the wall at hi gh 
mainstream turbulence (D istorted inlet profile). 
The ad iabatic wall cooling effecti veness distributions along the wall is shown in 
Figure (5 .5-4). As mentioned above, the increase in effective velocity ratio means 
that the mainstream turbulence is less able to penetrate the higher momentum 
coolant film generated by the single skin system . Fut1hermore, from the adiabatic 
wall cooling effectiveness distribution simi lar conclusions can be drawn for the 
axia l location of the effusion patch as in the case of the cylinder (i.e. the effusion 
patch for a given massflow is located to near the slot exit so lowering the 
perfonnance of the bay). 
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Figure (S.S-S) compares the cooling effectiveness between the double and single 
skin system with its distol1ed inlet velocity profile. As mentioned above, the 
effusion patch for the single skin is likely to have been introduced too early; 
hence, making the comparison between the effusion cases for the two systems 
more difficult. In the constant pressure mode, it is clear that the effectiveness is 
higher for the single skin than the doub le skin (only without effusion) due to the 
higher coolant momentum and the additional coolant. However, at the constant 
mass flow the effectiveness is similar. As mentioned above the higher coolant 
momentum will improve the effectiveness, and in thi s instance, the single skin 
constant mass flow should be better than the doub le skin. However, this is not the 
case as shown in Figure (S .S-S). Rather than comparing the cooling effectiveness 
between the two system, it might also be wOl1h consideling the reduction of the 
cooling effectiveness fi·om the datum to the high turbulence for each system. 
Refen·ing to Figure (S.S-6), for the double skin in the datum low turbulence 
intensity case the cooling effectiveness is about 90% (trailing edge) and with the 
distorted profile, it decreases to SO% i.e. a reduction of - 40%. On the other hand, 
the reduction of cooling effectiveness was only -20% for the single skin system. 
This again demonstrated that the coolant film degradation in the single skin 
system, when high levels of turbulence are introduced, is not as severe relative to 
the double skin system configuration due to the higher momentum coolant film. 
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Figure 5.5-6 Comparison of Cooling effectiveness at low and high mainstream 
turbulence 
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5.6 Closure on single skin system 
To summari se, 
I) For the same pressure across the liner, the single skin system coolant flow 
is some 30% greater than the double skin system. [n a low emission 
combustion the double skin system allows more flow to be used in the 
combustion process and less for coo ling. 
2) Coolant ex iting from the single skin system exhibits no sign of 
mainstream contamination and the profiles are more circumferentially 
unifonn when compared to the double skin system. 
3) For the same mass flow as the doubl e skin system, the change in the 
geometry i. e. slot height, angled-lip etc, causes higher coolant velocities at 
slot exi t relative to the double skin system. This results in a higher 
momentum coolant film for the single skin system. The impact of thi s high 
momentum cause a highly shear region between the mainstream and the 
coolant. 
4) At low mainstream turbulence levels, the sheared regIOn between the 
mai nstream and coolant generates turbulence. This promotes mixing of the 
coolant and mrunstream fl ow so that lower cooling effecti veness values 
are observed relati ve to that of the double skin system. 
5) In the single skin system, the decay of the cooling film is less influenced 
by high mai nstream turbulence and large turbulent scales. This is 
presumably due to the higher momentum coolant film compared to the 
double skin system. 
6) With the mainstream profil e distorted, the coolant film is less influenced 
by the high mainstream turbulence relative to the double skin system. This 
is again due to the higher momentum coo lant film . 
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7) Figure (5.4-3) clearly indicates the different impact the turbulence 
intensity has on the wa ll cooling effectiveness for both Single and double 
skin system. 
8) In thi s study, it can be concluded that the effus ion patch for the single sk in 
cooling system is introduced too close to the slot exit. This reduces the 
effect iveness of the effusion patch. The cooling effectiveness of the bay 
can be improved by placing the effusion patch further downstream. 
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6. 1 Conclusions 
6.2 Recommendations 
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Chapter 6 Conclusions and Recommendations 
6.1 Conclusions 
The stringent regulations on pollution generated by gas turbine engines (especially 
NO,) have led to the need to develop advanced cooling systems. An experimental 
investigation has therefore been undertaken to characterise the flow associated 
with one such advanced method used to cool the liner found within a gas turbine 
combustor. An isothermal experimental facility has been constructed to 
accommodate large size (l0 x full-size) single (conventional) and double skin 
(cooling tile) test specimens. These tests have been undertaken both with a low 
turbulence mainstream flow passing over the test section and configurations in 
which large magnitudes and scales of turbulence were present. These high 
turbulence test cases were thought to simulate some of the flow conditions found 
within a gas turbine combustor. For these test cases, velocity fields and cooling 
effectiveness distributions along the length of the test section were defined using 
different instrumentation techniques. 
For the double skin system: 
• The amount of massflow entering the double skin is dominated by the 
pressure drop across the first skin whereas the pressure drop across the 
second skin dictates the flow split. Typically, 80% of the pressure drop 
occurs across the first skin and -20% across the second skin. It has to be of 
some concern that with such a low pressure drop across the second skin, 
any changes in the mainstream local static pressure distribution could 
redistribute the coolant both within the tile and as it issues from the 
coolant slot. 
• The experimental results indicate some ingestion of mainstream flow into 
the coolant slot exit region. This is due to the location of the last row of 
pedestals whose wake is evident at the coolant slot exit plane, together 
with the wake from the lip of the upstream tile. Consequently some hot gas 
is ingested into these wake regions with cooling effectiveness therefore is 
lowered even before the coolant exits from the slot. 
234 
Conclusions and Recommendations 
• For low mainstream turbulence (-1 %), the initial highly turbulent and non-
uniform coolant conditions dominate the subsequent film development 
along the tile, with the internal tile geometry generating grid-like 
turbulence behaviour. It should be noted this was at a coolant to 
mainstream blowing ratio of approximately 1.0 so that mainstream and 
coolant velocities were comparable. 
• At high mainstream turbulent conditions, the large turbulent structures 
appear to penetrate through the coolant film relatively easily. This in part 
is helped by the relatively low momentum of the coolant film so leading to 
rapid mixing of the flows and a significant degradation of the coolant film. 
• Unsteadiness of the coolant film was also observed along the length of the 
tile and at the soolant slot exit plane. This was observed when large 
coherent structures were present in the mainstream. 
• With the introduction of the effusion patch, the adiabatic cooling 
effectiveness improves for both the low and high mainstream turbulence 
cases. In addition, for the given coolant and geometry tested, it seems to be 
that the effusion patch is located at the optimum position. 
F or the single skin system: 
• For the same system pressure drop the coolant flow passing through a 
single skin system is significantly higher (-30%) so leading to an effective 
increase in coolant to mainstream velocity ratio. However, even with the 
same coolant flow the coolant velocities were higher, relative to the double 
skin system, due to local geometrical effects at the coolant exit plane. 
Consequently, at Iow turbulence levels the shear layer formed by the 
difference in mainstream and coolant velocities promotes turbulent mixing 
and hence reduces cooling effectiveness. 
235 
Conclusions and Recommendations 
• The more uniform velocity profile at the coolant slot exit means there is no 
mainstream re-ingestion. This was confirmed by the experimental data, 
which indicated no ingestion of mainstream gases into the coolant slot 
region. 
• At high mainstream turbulence conditions the large length scales found the 
higher momentum coolant film more difficult to penetrate, so the coolant 
film degradation was not as significant as that observed for the double skin 
system. 
• Unlike the double skin system, the effusion patch of the single skin system 
seems to be introduced into the mainstream too near the cooling slot and 
hence lowers the performance benefit of the effusion patch. 
6.2 Recommendations 
It has been demonstrated that the blowing ratio (especially when the mainstream 
profile has been highly sheared) can have a significant impact on the cooling 
effectiveness. Within a flame tube, the blowing ratio is typically based on mean 
coolant film and mainstream velocities derived from the relevant massflows and 
the area through which these massflows pass. However, inside the flame tube the 
mean velocity profile is highly sheared, and the degree of shear varies along the 
flame tube length. Hence, to simulate the variation in velocity profile along the 
flame tube length, tests should be conducted at a variety of blowing ratios. In 
addition, the impact of the effusion patch can be evaluated from the result 
obtained. For the double skin cooling system discussed in Chapter 4, gas ingestion 
due to the wake from the last row of pedestal is observed. Further work can be 
carried out to determine the optimum position relative to the slot exit for the last 
row of pedestal. 
With the flow field measurement and the cooling effectiveness measured in this 
work, another important parameter that would prove to be valuable is the heat 
transfer coefficient. As discussed in chapter 1, in order to estimate the heat flux, 
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the heat transfer coefficient has to be known in addition to the cooling 
effectiveness hence it would be a good exercise to measure the heat transfer 
coefficient for both the single and double skin cooling systems. Although the rig is 
operating at isothennal conditions, an attempt to measure the heat transfer 
coefficient can still be carried by using liquid crystal technique with a heating pad. 
Some attempts have already been made towards this. 
Finally, the experimental results obtained in this study are ideal for the validation 
of numerical predictions. Within a gas turbine combustor a large range of 
operating conditions exist along the length of the combustor. This includes 
variations in mean velocity along with changes in both turbulence levels and 
scales of turbulence. These local conditions dictate which mechanisms are 
significant in terms of the coolant film break up and make it particularly difficult 
in terms of accurate computational predictions of coolant film performance. 
However, data such as this will enable the validation of the computational 
methods for these simplified test cases and whether the most significant processes 
that affect cooling film effectiveness can be captured. Having successfully 
validated the numerical methods for this simplified isothermal case, validation of 
more complex cases (i.e. with density ratio effects, variation of gas properties etc) 
could then be undertaken. Hence, this will require further experimental 
measurements, in which, for example, density ratio effect are presented. 
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Figure 8-4 Velocity and Turbulence intensity profil es fo r Cylinder high mainstream Tu% with effusion 
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Figure 8-6 Velocity and Turbulence intensity profiles for Cylinder with 0.5*0, 2 dia upstream, high mainstream Tu% with effusion 
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Figure B-7 Velocity and Turbulence intensity profiles for Cylinder with 0.5*0, 4 dia upstream, high mainstream Tu % with effusion 
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Figure 8-9 Velocity and Turbulence intensity profiles for Disto rted inlet profile M = 0.60, high mainstream Tu % with effusion 
--------------------------------------------------------------------------------------------------------- - -----. -------
B- 9 
I 
! 
____ ---.I 
o ~I----------------------------~ 
- __ Mean vctocity 
-G- Turbulence irllcnsilY 
~-- 'i f! : 0.00 
lOot-~----~~-i--~~~~~':lt:,~,~,~~,~,::~'~I~. ~' 
U/Uref 0 25 50 75 100 
1u(% ) 
xlL = 0.00 
o~--------~~~-~----~ 
6 
6 
, 
___ Mean veloc ity 
-e-- Turbulence in tensity 
-- v f! : 0.00 
100~~~--~~-i~~~U~I~U='.:f~)J:,il:' :'2~":' :, ~, ~50~' :, :, ~, /;, ,L·~·1;i.;'" 
Tu(%) 
xlL = 0.67 
7 
-e_ Mea n veloc ity 
--Q- T urbulence illlcnsi ty 
, ' i f! : 0.00 
xlL = 0.13 
I o~---------,. ___ ~~-"r-----~ 
J ..... ) 
6 
7 
6 
, / 
___ Mean vcloc ily 
--Q- Turbulence intensity 
- - ,i H : 0.00 
10~O--~~----~~----U~I~U='.:f~)J~,jl:':' ;'A~' :' ~' ~'50~':' :' ~' ~'7;~~' ~' '~';i.,00 
Tu(%) 
xlL = 1.00 
Figure B-1 0 Velocity and Turbulence intensity profi les for Cons!. pressure condition low mai nstream Tu% wi thout effusion 
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Figure 8-11 Velocity and Turbulence intensity profiles for Const. pressure condition low mainstream Tu% with effusion 
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Figure 8-12 Velocity and Turbulence intensity profiles for Distorted inlet profile, high mainstream Tu % with effusion 
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Figure B-14 Velocity and Turbulence intensity profiles for Cons!. mass flow condition low mainstream Tu% with effusion 
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Figure 8- 15 Velocity and Turbulence intensity profiles for Const. mass flow Cylinder high mainstream Tu% without effusion 
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Figure B-1 6 Velocity and Turbulence intensity profil es for Const. mass flow Cylinder high mainstream Tu% wi th effusion 
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Figure B- I 7 Velocity and Turbulence intensity profiles for Distorted inlet profile, high mainstream Tu % with effusion 
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Appendix C 
Cooling effectiveness results for double skin cooling system 
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Figure C-4 Adiabatic wall cooling effectiveness along the wall (Double Skin 
System- Distorted inlet profile). 
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Figure C-S Adiabatic wall cooling effectiveness along the wall (S ingle Skin 
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Figure C-6 Adiabatic wall cooling effecti veness along the wa ll (Single Skin 
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Appendix 0 
Power spectrum distributions fo r the untrip cylinder D-J 
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Figure D-2 Power spectrum density distribution along the tile (Inline with outer radius of the cylinder). 
D-2 
Freestream region 
I I I 
I I I 
I I I 
I I I 
I I I o 
I I I 
I I I 
x/L = 0.471 x/L = 0.84 I x/L = 1.001 Cylinder 
I I I 
I I I 
'0' 
~ 10-li 
a. 
-. 
n Cooling 5101 i i i YL~I i i 1 
x rlL...-_-_-_ -_-_-_ -~_ -_ -_ -'._-~_-_ -~_ -_-_..:._ -_-_ -_-~_ -i--,' 
'0' 
y/H = 4.20 
y/l-l = 0.58 
y/ l-l = 0.02 
'o' 
' 0' 
'0" I 
' 0 
'0' 
'0' 
y/H = 4.20 
y/H = 0.58 
y/J-l = 0.02 '0' 
'0 '0' Hz 
v 
Hz 
xlL = 0.47 
y/l-l = 4.20 
y/H = 0 .58 
y/H = 0.02 
Hz 
xlL = 0.84 xlL = 1.00 
Figure 0-3 Power spectrum density di stribution along the tile (Freestream region) . 
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